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Deep sampling of genetic potential uncovers Rates of De Novo Variation in Primates

large effect alleles for even complex traits
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Kong A et al, Nature. 2012; 488(7412):471-5. Venn O et al, Science. 2014; 344(6189):1272-5.
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De Novo Variation Rate in Cattle

Overall
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Liu et al, 2006; BMC Genomics 7:140 ~6 de novo/year in cattle genome?
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“Mutational” Breeding in Plants

Comment Transgenic ‘ Mutation Breeding
Number of genes T3, usually Tor 2| ?
affected |
Regulatory process Yes | No
 Safety testing in animals Yes | “No_
Es Yes No
Organic acceptable | No | Yes
EU Acceptable | No | Yes
Not labeled! Labels wanted. | Nobody cares
Number of altered genes | Two main ones. Bt and
in cultivation EPSPS. Other minor T
ones in hort crops.
Plants patented Yes | Yes
Activist opposition Yes [ No

A powerful radioactive source
hammers plants with gamma rays inducing
random damage DNA that results in new
genetic variation.
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Mutational Breeding in Plants
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Mutational Breeding in Plants

Criticism

Transgenic

Mutation Breeding

The technology is
imprecise.

Simple techniques can
reveal sites of transgene
integration

Extremely difficult to
account for all changes
induced

Could form new allergens

Knowing the protein
added as well as any
genes disrupted allows
specific tests for allergic
potential

No way to account for
proteins affected that
may present new
allergenic antigenic
determinants

Could produce
unexpected plant toxins

Highly unlikely because
the gene and integration
can be examined for
toxicity.

Changes in unknown
numbers of genes could
potentially lead to
metabolic change and
variation in compounds
produced.

Reduces nutritional value

Can be easily tested, but
is unlikely

Much more likely to
induce metabolic
changes in plants

Can affect natural
populations

Possible, but one gene

Possible, from many
genes

Mutational Breeding in Cattle?

Acceligen
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?

This works for plants because there are so many meiosis and
deep large scale phenotyping. This is not practical in livestock!

Acceligen

9
recombinetics




Scott Fahrenkrug, Recombinetics

Tools for Enhancing Valuable Variation

Gene Editing Platforms

6/19/14

DNA-binding domain
(ZF or TALE)

5’ 3

" HNH domain
/cceligen
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Gene Editing Platforms

Table 2| C izon of three cl, f bl ! *

ZFNs TALENs RGENs
DNA targeting Zinc-finger proteins  Transcription activator-like  crRNAorsgRNA
specificity determinant E
Nuclease Fok Fold Cesd
Success rate* Low(~24%) High (>00%) High (~00%)
Average mutation rate®  Loworvariable (~10%)  High (~20%) High (~20%)
Specificity-determining  18-36bp 30-40bp 22bp (total length 23 bp)
length of target site

Restriction in target site  G-rich

StertwithTendendwithA  Endwith an NGG or NAG (lower
i i v is,PAM)

Kim & Kim (2014). A guide to genome engineering with programmable nucleases.
Nature Rev. Genet. 15: 321-334

structure)
Design density One per ~100bp. basepeir  One per 8bp(NGG
(NGG and NAG PAM)
Off-target effects High Low Veriable
Cytotoxicity Variable to high Low Low
Size ~1kbx2 ~3kbx2 4.2kb (Cas0 from Streptococcus
pyogenes)+0.1kb (sgRNA)
Clear IP and FTO? YES YES NO

o
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DNA double-stranded break (DSB)
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Nonhomologous Homology-directed
end- joining (NHEJ) repair (HDR) —ad
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l Premature . l o
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Cross-cutting Livestock Applications

&

Genetic Alterations
4

Animal welfare, Value addition, Disease modeling
Sustainability, Tolerance (e.g., CVD, Cancer)
Food Security

\ A~ (\ \ A~ <\ \ A~ d\

Food Biomedical Biomedical
Products Models

@
Tan, Carlson, Walton, Fahrenkrug, Hackett (2012) Advances in Genetics 80:37-97 recombinetics

TALENs

DINERIZED FOK 1 NUCLEASE

Imprecise repair = DNA DSB.

-
Rt moEL

Swine Loss of Function Alleles with
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Editing the Swine Genome

treated

donor cell = ~
C )
Cloning Mianjecion
Embryo "
ipient

\ A

Cows
3 months + 3 weeks + 3 days 9 months gestation

% R
A R R

=R R R

7 months to sexual maturity ~ ~12 months to sexual maturity

Tan, Carlson, Walton, Fahrenkrug, Hackett (2012) Advances in Genetics 80:37-97 recombinetics
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Gene Inactivation of Livestock Cells by TALENs

Table 1: Genotype distribution in fibroblast clones.
i Predicted  Predicted%  Observed
Day3 % Mod Biallelic  Mod Clones  Observed Bi-

TALEN pair Mod Clones Mod (%) alllic Mod (%)
LDLRE2.1 Puro 19 15 105 3081 (37) 5126 (19)
LDLRE2.1 Puro 25 383 12 276(30) 82336 T
LDLRE2.1 Puro 144 27 77 129413 2M2@17%
LDLRE212¢®  Puro 197 355 109 824 (33) 2B E29P
LDLRE4.2 Puro 2 36 114 4148 (8.3) (25
LDLRE4.2 Puro 19 344 10 847 (17) (78
DMDES Puro 2 438 156 17135 (49) NA
DMDE7.1 Puro 27 a7 156 12129 (41) 310 (30)
DMDEZ12¢  Puro 2 392 124 2041 (54) 7122232

G418 29 50 17 26/43 (60) 15126 (258)°t
Puro 29 50 17 aB5(1) 26 (NAP
Puro 17 3 93 7124 (29) o7
None 25 55 194 20125(84) 6121 (2290
None 35 58 2 133 (100) 31323
i None 3 57 2 8B166(53)  5M6 (31%)
btGDF83.1 None 2 50 17 2345(51)  2123(29F
bIGDFE3.1 None 35 5 2 2941(56) 7123 @30

Br-alelic KO were identified by sequencing of PCR products. Only overlapping or homozygous deletions can
be identified using this technique.
@ Fibroblasts were transfected and recovered twice within two weeks with the same TALEN pair.
5015 Bi were confirmed as it alleles.
© Only colonies with distinguishable gross deletions in the PCR amplicon were analyzed.
€ Bi-allelic KO colonies were identified by high definition melt analysis. Only homozygous bi-allelic
modifications can be identified.
1-95% Confidence interval exceeds expected bi-allelic null hypothesis

0
Carlson et. al, (2012) Proc Natl Acad Sci U S A. 109 (43): 17382-7 recombinetics
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Are TALEN modified cells suitable for

cloning?

Table 1: Genotype distribution in fibroblast clones.
Selection Predicted  Predicted %  Observed

Day 3 % Mod Bi-allelic Mod Clones ~ Observed Bi-
TALEN pair Mod Clones Mod (%) allelic Mod (%)
LDLRE2.1 Puro i 19 345 105 30/81 (37) 5126 (19)
LDLRE2.1 Puro Pig @ 215 383 12 23(76 (30) 8123 (35) t

treated
donor cells
Cloning

0
Carlson et. al, (2012) Proc Natl Acad Sci U S A. 109 (43): 17382-7 recombinetics

Gene Edited Ossabaw Swine

Pregnancies in 7/9 transfers; 22 piglets born

we. o 10

B1: (289_290ins34; 285_287delATG) 10 bor; 9 live

82: (211 292601129 One st

CGAGTGCAAGGACGGGTCCG. at

C1: (289_290del10) 3 bon (one stillbor, one euthanized due to clone defect)

e
i
R
]
— g

Control
C2: (289_290insA) 7 bom; 7 live Publshed valuos

P

Carlson et. al, (2012) Proc Natl Acad Sci U S A. 109 (43): 17382-7 recombinetics

Knockout by Embryo Treatment

MICROINJECTION MCROECTION

weowo e | R N WY W
) 3 MONTHS +3 WEEKS 9 HONTHS TO BIRTH

\ 4 scone o
¢ 20 ng/ul « 2-10 ng/ul
* 29% NHEJ positive ¢ 18-75% positive
* 1/3 bi-allelic mod « Low toxicity
* N=59 embryos * n=59 Blastocysts

[ [HROSLN JT

Carlson et. al, (2012) Proc Natl Acad Sci U S A. 109 (43): 17382-7

.
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Direct Gene KO in Pig Embryos using
TALENs

Parturition in 4 of 7 recipients
resulting in 39 piglets, 8 of which

) carried editing events (21%).
\\"","‘\ ! ’\,‘ \v’\\ ’ ‘ ,
gl

Lillico et al, Nature Sci Rep. 2013 Oct 10;3:2847 recombinetics
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Double Muscling to Decrease
Time-to-Market and Increase RPY

At least 7 Spontaneous Mutations of
Myostatin are known in cattle

Results in 7% and 30% Increased RPY in
European Breeds (+/mh; mh/mh)
Mutation not found in some breeds
Heterozygotes come to market weight
on less feed/time.

Can introduce by cross-breeding but
changes genetics

T T )

o =T —r——
/cceligen o
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Keele and Fahvenkrug
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Myostatin KO in Nelore Cattle Embryos

Two full term pregnancies from 6 recipients (1-2 morula/blastocysts). One produced two calves (#1 & #2).
Second had dystocia and 2 stillborn calves (#3 & #4). [NOT NELORE SURROGATES] 3 of 4 animals edited.

12 3 4 s 4 s
P
D0 et )
I — -
o) - -
~<om
- <z
00t 2 | oo
1. Nelore Bull #1
2 Nora bter st JAe
3. Nelore Bull #2
2 Nelooduigs  Joead
5. Nelore Conirol Animal
TALEN Left TALEN Right
ACTCCACI GATGCTGTCGTTACCCTC! A
AC’ TCGATGC-GTCGTTACCCTCTAAC TGA 844Dell
ACTCCAC GATGCTG---TTACCCTCTA! 846Del3

Acceligen
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c
‘GTGAG GTGICTTAGA GCTACE

a1
CAATGGGAGA TTGACACCTZ

e S T Gu Sw An Cx Ve Ve T lw " Lw To ke
GANTCT CGATGCGICE TTACCCICIA ACTGIGGATI gadnyalq
GTGAG GIGICTTAGA GCTACGCAGC AATGGGAGAT TGACACCTAZ

282 Prematu
Frame Stop
Shift

re

ians 846Del3

AR283

Acceligen

Manuscript in Preparation
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Livestock Gene Conversion with TALENs

HR
Templated gene conversion

‘SEQUENCE VARIANT

DX | DT
o

WeRDISEETION

TREATED DONOR CELLS.

cLonnG

|

9 MONTHS - SEXUAL MATURITY
|L__ |
R
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Acceligen

A TALENS
< \
we cors — T
<<
sanor  —— | HEEEN
1623bp.
B . _371°C 30°C
Plasmid =+ + - + Control
TALENs + + OT + + OT 5 5 0 TE
1000 c.e. - - -—
(o} 37°C 30°C
AAV - + + -+ + Control
TALENs + + OT + + OT 50050 5 TE
1000 c.e. - -
D
Template HR+ (%)
Plasmid 8/1007 (1)
. AAV 36/280 (13)
Acceligen —= ==

Colony
Analysis

TALEN-based Allele Introgression
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Oligonucleotides as HDR Template

HDR Template —f— 90 nt

ssLDLR

WT TCTCCTACA TTGTGAT! CACCGAGTGCAAGGACGGGTCCGA
HDR CCTCCTACAAGTGGATTTGTGATGGATCCGARCACCGAGTGCAAGGACGGGTCCGC
BamH1

Day 4 4 20 20 4 4 20 20
TALEN dosage 2 1 2 1 2 1 2 1

) — — —

et —r bt

— e —

— — - BamH1
Surveyor —
39 37 39 37 ) %HDR
%NHE) L 42 36 38 35
Dosage Modified
Colony 2 36/108 (33%)
Analysis 1 19/76 (25%)

o
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6/19/14

Table 1. Frequencies of recovery of colonies with HDR alleles

Reagent o) Species Mutation type  Nudeotidechange  Amino acid change Day3%HDR HDR* (%) Biallelic HDR* (%)
TALEN __ ssLDLR2.1* Pig @ Ins/fFS 141 (ins4) A7APTC 38 55/184 (30) 4184 )
TALEN  ssDAZL3.1 Pig o InsfFS 173 (ins4) S7APTC 25 34192 (37) 8M2 (9)
TALEN  ssAPC14.2 Pig o Ins/fFS 2703 (insd) 9024PTC 48 22/40 (55) 4/40 (10)
TALEN  ssTpS3 Pig o InsfFS 463 (ins4) 1544PTC 22 42171 (59) 1211 (17)
TALEN _ ssRAG2.1 Pigo  InsfFs 228 (ins4) T6APTC a7 32177 (42) 1377 (17)
TALEN  btRosal.2’ Cow & InsimloxP Ins34 NA 45 14/22 (64) 7122 (32)
TALEN  ssSRY3.2 Pigo InsimloxP Ins34 NA 30 ND ND
TALEN  ssKissR3.2 Pig o InsfFS 322 (ins6) 323 (del2) 107APTC 53 57/96 (59) 17/96 (18)
[TALEN ~ btGDF83.1 Cow o delFs 821 (del11) FS ~10 7172 (10) 2172 3)
TALEN  ssEIFAGI14.1 Pig o SNPs G2014A T2017C C2019T N672D L673F 52 68/102 (67) 40/102 (39)
[TALEN ~ btGDF83.6N Cow o SNPs (G938A T945C a1y 18 8/94 (9) 3m4 (3)
TALEN  btGDF83.6N° Cow d SNP. G938A a1y NA 7105 (7) 2/105 ()
TALEN  ssP65.8 Pig o SNP. T1591C $531P 18 6/40 (15) 3/40 (8)
TALEN  5sP65.8° Pig o SNP. T1591C $531P 7 9/63 (14) 5/63 (8)
TALEN  ssGDF83.6° Pig o SNP. G938A a1y NA 3/90 (3) 190 (1)
TALEN  caFecB6.1 Goats  SNP AT47G Q4R 7 17172 (24) 372 @)
TALEN  caCLPG1.1 Goat & SNP. A-G Extragenic a ND ND
CRISPR ~ ssP65 G1s Pigs  SNP T1591C $531P 6 6196 (6) 2196 2)
CRISPR__ ssP65 G2a Pig o SNP. T1591C $531P 5 2/45 (4) o/as
CRISPR  ssAPC14.2 Gla  Pig & InsfFS 2703 (ins4) 9024PTC 32 ND ND

‘Homozygous null LDLR™" could ot be propagated in culture.
'HDR* colonies from these replicates were used to generate founder animals by cloning (Fig. 5).
*A modified loxP site (mloxP) was inserted into btROSA26 and ssSRY; positive colonies were identified by PCR

Tan and Carlson et al, (2013) Efficient non-meiotic allele
introgression in livestock using custom endonucleases, PNAS

/cceligen

s5, Sus scrofa; bt, Bos taurus; ca, Capra aegagrus; FS, frame shift; NA, not applicable; ND, not determined; PTC, premature termination codon; R, replicate.

“Only the target SNP was introduced. A triprimer PCR combined with Sanger sequencing was used to identify positive colonies (s! Appendix, Table 52).
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Selection-free recovery of precise
introgressed clones
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CLONING
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Lead U.S. Product:

* Horns are hazardous to people & cattle

* Most U.S. dairy animals are dehorned (USD$5-20 each)

Polled at VERY low frequency in Dairy breeds (<1%)

performance.

* Polled mitigates regulatory risk- NATURAL trait, NOT GMO

demand for animal welfare
Acceligen

Genetic Dehorning of dairy cows

« Breeding into Holstein would take >20 years & destroy dairy

* Polled mitigates CONSUMER acceptance risk- STRONG market

9.
recombinetics

li Tan and Carlson et al, (2013) Efficient non-meiotic allele o
/cceligen introgression in livestock using custom endonucleases, PNAS recombinetics
First Gene Edited Livestock

a Szus388n cuszss
88888888y 888888 s
gE2s88sss $08838s
- ————
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> - «
DAZL: Bamt APC: Hindil
b
Foundas 1650681 1657
Founders 1652.1656
wc_ . )
Founders 1661, 663 1684
Fomsr i SR
Founders 1665, 1666 )
c
. Tan and Carlson et al, (2013) Efficient non-meiotic allele °
ACCellgeﬂ introgression in livestock using custom endonucleases, PNAS recombinetics
Dairy Breeds Polled Beef Breeds
Horned NATURALLY no horns
‘The polled allele (P)
homed alle (7
Meat Yield
I Meat Quality
Merit —_— w
i MilkYield
Milk Quality
1. Crossbreeding.
_ 8 backeross
= ' required to recover dairy
P genetic merit
2. TALEN mediated gene conversion.
TALEN Cut
= " + 3
£ Red Angus template ';
Acceligen ineti
recombinetics
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Polled is a Target for Introgression

Log, Retio

1000000 170k 1800000 1003000 200io00
Poston on T

P, Celtic origin (212 bp, 1,705,834-1,706,045 bp) is duplicated (and
— replaces a sequence of 10 bp (1,706,051-1,706,060 bp). Angus,
Galloway, Fleckvieh, Gelbvieh and Murnau-Werdenfelser

Py, Friesian origin. PSID (replace 7 bp (cgcatca with ttctcagaatag;
1,649,163-1,649,169) and 80,128 bp duplication (1,909,352-1,989,480
bp PgogeID, plus five point mutations at the positions (G1654405A,
€1655463T, T1671849G, T1680646C, C1768587A)

Medugorac, et al., (2012) Bovine
Polledness — An Autosomal
Dominant Trait with Allelic
Heterogeneity. PLoS One 7 (6)

260 kb

6/19/14

Polled Allele Introgression into Holstein

a
TALEN DSB
e
Horned Fi> R
=
pars

Duplexed Oligo
HOR Template

4oy
rils > Papy

F2—> S670p +—R2

Polled

s6tp L ated spciic produt]

S O &
c o %0
i

&Y o
Laa s faa FwERT
3 weo e -
- Je - TS -
~ - - - -
- - - - -

Percentage of clones homozygous for introgression = 1-5%

/cceligen
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Genome Wide Association Studies

sroL

asco2

-log10(Additive Model P-Value)

Chromosome

Courtesy Tad Sonstegard

Whole Genome Selection

[rmenp— capan < G
L T sty = PR

43 quintillion possible paths
Can be solved in 20 moves or less
Imperfect solutions lead to backtracking

Average LD block in cattle is 500 kb
="~6000 “tabs” under selection

First Embryo Edited Livestock

Summary of in vitro embryo development and introgression rates observed
with ZFN/ODN co-injected IVF zygotes

ZFN-FL o70 10 &h 111110 (10.0) Ll 211 (182)
ZFNFL 970 252 18h 371252 (14.7) 18 6/18(333)
ZFN-FL 086 £ 8h 16199 (16.2) 12 412(333)
ZEN-FL 986 8 18h 17/89 (19.1) 15 415(26.7)
ZFN 086 139 &h 17138 (12.2) 17 417(235)
ZFN 986 10 18h 10/110(9.1) 10 2/10(20.0)

Summary of in vitro embryo development and introgression rates observed with
TALEN/ODN co-injected IVF zygotes

BBLG 1.1 986 50 22/50 (44.0) 25 (40.0)
bIBLG 1.2 986 260 841269 (31.2) 22/48 (45.8)
BBLG 12 986 127 37127 (29.1) 4135 (1.4)

Genome editing of the bovine beta lactoglobulin (BLG) locus using zinc finger nucleases
(ZFNs) and transcription activator-like enzyme nucleases (TALENs)

Stefan Wagner?, lingwei Weit, Dan Lu*2, Judi McCracken*, Fleur Oback?, David Wells!,
2 Scott € Fahveniy 3

9
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Acceligen rocombitatics
Multiplex gene editing
APC 37 Rag2 43 APC 40
p53 10 IL2Rg 25 Rag2 36
Population @ day 3
p53 1L2R(E] RAG2
& =5 n=11
n=12
n=2 n=6
APC
n=43 RAG2 APC
n=7 n=16

n =79 clones

n =44 clones

Colony Genotypes

n =75 clones

9.
recombinetics
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Multiplex Gene Editing

APC
33%

19%

53
9%

N=91 colonies

12 clones: APC*ns ; p53*/ins
3 clones: APCinslins; p53+ins
1 clone: APC?'ins ; p53inslins
1 clone: APCins/ins; p53insfins

Pigs to farrow in March!

9
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Cytogenetic analysis
Species: Pig

Code: SSC52

Name: Ossabaw i (Trial 3)
Breed: Ossabaw

RESULTS

Chromosome number: 38, XY
Chromosome morphology: Normal

Total 50 cells analyzed, no chromosomal abnormalities found.|

6/19/14

Reliable multiplex editing of up to 5 genes

Genes Trial 1 Trial 2 Trial 3
edited RFLP +(%) RFLP+(%) RFLP + (%)
5 2(3) 0 0
4 0 5(5) 4(2)
3 3(4) 7(7) 14 (7)
2 12 (17) 23 (24) 41(21)
1 24 (33) 29 (30) 47 (24)
1+ 41 (57) 63 (66) 106 (55)

PREDICTION: Within 2 years we will be editing up to 50 loci at a time

90
ipt in Preparation recombinetics

Sex One X and one Y
Normal karyotype for a male porcine cell line.

Received: 07/23/2013
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Introgression for Accelerated Breeding

Direct Select Precision Crosshreeding

Resolving bad “moves”
Resolve antagonistic alleles
Break linkage disequilibrium
Traits/alleles hard to select for
Novel Alleles

« s e e e o

Value of QTN

100%

Frequency in a population/breed (%)

Acceligen

Tan, Carlson, Walton, Fahrenkrug, Hackett (2012) Advances in Genetics 80:37-97 r.gg,ﬂbi?gﬁ:;

culture
y 5
cells
7 R
/

HIGH PTA/EBV Bull

HIGH PTA/EBV
Young stock

/cceligen

1-2 weeks archive

2weeks 1 week
TALEN
treatment
cone ID clone

melting curve _ sequence trace
analysis analysis

Tan, Carlson, Walton, Fahrenkrug, Hackett (2012) Advances in Genetics 80:37-97

9months.

embryo’

surrogate

HIGH PTA/EBY
+EDIT

9
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Horizontal Allele Introgression
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Tan, Carlson, Walton, Fahrenkrug, Hackett (2012) Advances in Genetics 80:37-97 recombinetics
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A CONTINUUM OF PREDICTABILITY

Synthetic Cisgenic Cisgenic Synallelic Synallelic
Genome Random Targeted Interspecific Intraspecific
Transgenic Transgenic Novel Allelic  Interbreed
Random Targeted Allele. Interspecific I
I

Cross Line
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Conundrum: Could animals IDENTICAL at the sequence level but bred by
traditional versus molecular breeding be regulated differently?
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FDA Industry Guidance

Regulation of Genetically i ed Animals C
DNA Constructs (1/15/2009)

Heritable bi

“...FDA defines 'genetically engineered (GE) animals' as those animals modified by
rDNA techniques, including the entire lineage of animals that contain the
modification. The term 'GE animal' can refer to animals with heritable rDNA
constructs...”

The rDNA construct (an article) in a GE animal that is intended to affect the
structure or function of the body of the GE animal, regardless of the intended use
of products that may be produced by the GE animal, meets the FFDCA (Federal
Food, Drug, and Cosmetic Act) drug definition.

Recombinetics' gene-edited animals DO NOT contain rDNA
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Generally Recognized as Safe: GRAS

Assertion: Gene-edited animals contain DNA that is IDENTICAL to what is widely
consumed and generally recognized as safe (GRAS)

GRAS exemptions are granted for substances that are generally recognized,
among experts qualified by scientific training and experience to evaluate their
safety, as having been adequately shown through scientific procedures (or, in the
case of a substance used in food prior to January 1, 1958, through either scientific
procedures or through experience based on common use in food) to be safe
under the conditions of their intended use.

Self-affirmed. The manufacturer of this chemical or substance had performed all
necessary research, including the formation of an expert panel to review safety
concerns, and is prepared to use these findings to defend its product's GRAS
status.
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