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Molecular	  Breeding	  to	  Accelerate	  Livestock	  
Improvement 	  	  

	  
Sco%	  C.	  Fahrenkrug,	  Ph.D.	  
CEO	  Recombine:cs,	  Inc.	  

Non-‐Meio:c	  Allele	  Introgression	  
 

Sustainability 

Reduced environmental impact 

More efficient feed conversion 

Enhanced reproduction 

 

Product Quality 

Food safety 

Healthfulness 

Palatability 

  

Animal Welfare 
Humane production 
Gender selection 
Disease resilience 
Disease gene repair  
 

Popula:ons	  exhibit	  “normal”	  distribu:ons	  for	  
most	  traits	  (mostly	  addi:ve	  effects)	  

Deep	  sampling	  of	  gene:c	  poten:al	  uncovers	  
large	  effect	  alleles	  for	  even	  complex	  traits	  

Rates	  of	  De	  Novo	  Varia:on	  in	  Primates	  

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	  Varia:on	  Rate	  in	  Ca%le	  

Liu	  et	  al,	  2006;	  BMC	  Genomics	  7:140	  
	  

~6	  de	  novo/year	  in	  ca$le	  genome?	  

Muta:onal	  Breeding	  in	  Plants	  

“Muta:onal”	  Breeding	  in	  Plants	  

A	  powerful	  radioac:ve	  source	  
hammers	  plants	  with	  gamma	  rays	  inducing	  
random	  damage	  DNA	  that	  results	  in	  new	  
gene:c	  varia:on.	  

Muta:onal	  Breeding	  in	  Plants	  

Muta:onal	  Breeding	  in	  Ca%le?	   Muta:onal	  Breeding	  in	  Ca%le?	  

This	  works	  for	  plants	  because	  there	  are	  so	  many	  meiosis	  and	  
deep	  large	  scale	  phenotyping.	  This	  is	  not	  prac:cal	  in	  livestock!	  
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Tools	  for	  Enhancing	  Valuable	  Varia:on	   Gene	  Edi:ng	  Plaborms	  

Gene	  Edi:ng	  Plaborms	  

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

Clear	  IP	  and	  FTO?	  	  	  	  	  	  	  	  	  YES	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  YES	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NO	  

Cross-‐cudng	  Livestock	  Applica:ons	  

Tan,	  Carlson,	  Walton,	  Fahrenkrug,	  Hacke$	  (2012)	  Advances	  in	  Gene4cs	  80:37-‐97	  

Swine	  Loss	  of	  Func:on	  Alleles	  with	  
TALENs	  

Editing the Swine Genome 

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

7	  months	  to	  sexual	  maturity	  

Cows	  
9	  months	  gesta:on	  

	  
	  
	  
	  
	  
	  
	  
	  
	  

~12	  months	  to	  sexual	  maturity	  



Sco$	  Fahrenkrug,	  Recombine4cs	   6/19/14	  

2014	  BIF	  Symposium,	  Lincoln,	  Neb.	   4	  

Gene	  Inac:va:on	  of	  Livestock	  Cells	  by	  TALENs	  

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

Are	  TALEN	  modified	  cells	  suitable	  for	  
cloning?	  

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

Gene	  Edited	  Ossabaw	  Swine	  

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

Knockout	  by	  Embryo	  Treatment	  

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

Direct	  Gene	  KO	  in	  Pig	  Embryos	  using	  
TALENs	  

Parturi4on	  in	  4	  of	  7	  recipients	  
resul4ng	  in	  39	  piglets,	  8	  of	  which	  
carried	  edi4ng	  events	  (21%).	  	  

Live pigs produced from genome edited zygotes. 
Lillico et al, Nature Sci Rep. 2013 Oct 10;3:2847 

Double	  Muscling	  to	  Decrease	  	  
Time-‐to-‐Market	  and	  Increase	  RPY	  

•   At	  least	  7	  Spontaneous	  Muta4ons	  of	  
Myosta4n	  are	  known	  in	  ca$le	  

•   Results	  in	  7%	  and	  30%	  Increased	  RPY	  in	  
European	  Breeds	  (+/mh;	  mh/mh)	  

•   Muta4on	  not	  found	  in	  some	  breeds	  
•   Heterozygotes	  come	  to	  market	  weight	  

on	  less	  feed/4me.	  
•   Can	  introduce	  by	  cross-‐breeding	  but	  

changes	  gene4cs	  
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Op:mum	  ma:ng	  systems	  for	  the	  
myosta:n	  locus	  in	  ca%le.	  
J	  ANIM	  SCI	  2001,	  79:2016-‐2022.	  

GTGATGAACACTCCACAGAATCTCGATGCTGTCGTTACCCTCTAACTGTGGATTTGA 
GTGATGAACACTCCACAGAATCTCGATGC-GTCGTTACCCTCTAACTGTGGATTTGA 844Del1 
GTGATGAACACTCCACAGAATCTCGATGCTG---TTACCCTCTAACTGTGGATTTGA 846Del3 
 

TALEN Left TALEN Right 

Myosta:n	  KO	  in	  Nelore	  Ca%le	  Embryos	  
Two	  full	  term	  pregnancies	  from	  6	  recipients	  (1-‐2	  morula/blastocysts).	  	  One	  	  produced	  two	  calves	  (#1	  &	  #2).	  	  
Second	  had	  dystocia	  and	  2	  s4llborn	  calves	  (#3	  &	  #4).	  [NOT	  NELORE	  SURROGATES]	  3	  of	  4	  animals	  edited.	  

Manuscript	  in	  Prepara?on	  

Manuscript	  in	  Prepara?on	  

∆R283 

846Del3 

WT 

282 
Frame 
Shift 

Premature 
Stop 

 

844Del1 

Livestock	  Gene	  Conversion	  with	  TALENs	  

Plasmid 

AAV 

A	  
	  
	  
	  
	  
	  B	  
	  

C	  
	   Control	  

500  50   5   TE 

Control	  
50    5    0    TE 

TALEN-‐based	  Allele	  Introgression	  

Template	   HR+	  (%)	  

Plasmid	   8/1007	  (1)	  

AAV	   36/280	  (13)	  

D	  
	   Colony	  	  

Analysis	  

4	   4	   20	   20	  
2	   1	   2	   1	  

Day	  
TALEN	  dosage	  

39	   37	   39	   37	   %	  HDR	  

TCTCCTACAAGTGGATTTGTGATGG----GAACACCGAGTGCAAGGACGGGTCCGA 
CCTCCTACAAGTGGATTTGTGATGGATCCGAACACCGAGTGCAAGGACGGGTCCGC 

BamH1	  

E2	  

HDR	  Template	  

Dosage	   Modified	  

2	   36/108	  (33%)	  

1	   19/76	  (25%)	  

WT	  
HDR	  

Surveyor	  
BamH1	  

42	   36	   38	   35	  %	  NHEJ	  

90	  nt	  

ssLDLR	  

*	  

Oligonucleo:des	  as	  HDR	  Template	  

4	   4	   20	   20	  
2	   1	   2	   1	  

Colony	  	  
Analysis	  
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Tan	  and	  Carlson	  et	  al,	  (2013)	  Efficient	  non-‐meio?c	  allele	  
introgression	  in	  livestock	  using	  custom	  endonucleases,	  PNAS	  

Selec:on-‐free	  recovery	  of	  precise	  
introgressed	  clones	  

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

First	  Gene	  Edited	  Livestock	  

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

Lead	  U.S.	  Product:	  	  
Gene:c	  Dehorning	  of	  dairy	  cows	  

•   Horns	  are	  hazardous	  to	  people	  &	  ca$le	  
•   Most	  U.S.	  dairy	  animals	  are	  dehorned	  (USD$5-‐20	  each)	  

•   Polled	  at	  VERY	  low	  frequency	  in	  Dairy	  breeds	  (<1%)	  
•   Breeding	  into	  Holstein	  would	  take	  >20	  years	  &	  destroy	  dairy	  

performance.	  

•   Polled	  mi4gates	  regulatory	  risk-‐	  NATURAL	  trait,	  NOT	  GMO	  

•   Polled	  mi4gates	  CONSUMER	  acceptance	  risk-‐	  STRONG	  market	  
demand	  for	  animal	  welfare	  
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Medugorac,	  et	  al.,	  (2012)	  Bovine	  
Polledness	  –	  An	  Autosomal	  
Dominant	  Trait	  with	  Allelic	  
Heterogeneity.	  PLoS	  One	  7	  (6)	  

PC,	  Cel4c	  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	  
	  
PF,	  Friesian	  origin.	  P5ID	  (replace	  7	  bp	  (cgcatca	  with	  $ctcagaatag;	  
1,649,163–1,649,169)	  and	  80,128	  bp	  duplica4on	  (1,909,352–1,989,480	  
bp	  P80kbID,	  plus	  five	  point	  muta4ons	  at	  the	  posi4ons	  (G1654405A,	  
C1655463T,	  T1671849G,	  T1680646C,	  C1768587A)	  

Polled	  is	  a	  Target	  for	  Introgression	  

Percentage	  of	  clones	  homozygous	  for	  introgression	  =	  1-‐5%	  

b c 

Polled	  Allele	  Introgression	  into	  Holstein	  

Genome	  Wide	  Associa?on	  Studies	  

Courtesy	  Tad	  Sonstegard	  

Whole	  Genome	  Selec:on	  

43	  quin4llion	  possible	  paths	  
Can	  be	  solved	  in	  20	  moves	  or	  less	  
Imperfect	  solu4ons	  lead	  to	  backtracking	  

Average	  LD	  block	  in	  ca$le	  is	  500	  kb	  	  
=	  ~6000	  “tabs”	  under	  selec4on	  

First	  Embryo	  Edited	  Livestock	  
Summary	  of	  in	  vitro	  embryo	  development	  and	  introgression	  rates	  observed	  
with	  ZFN/ODN	  co-‐injected	  IVF	  zygotes	  

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

Genome	  edi:ng	  of	  the	  bovine	  beta	  lactoglobulin	  (BLG)	  locus	  using	  zinc	  finger	  nucleases	  
(ZFNs)	  and	  transcrip:on	  ac:vator-‐like	  enzyme	  nucleases	  (TALENs)	  
	  

	  Stefan	  Wagner1,	  Jingwei	  Wei1,	  Dan	  Lu1,2,	  Judi	  McCracken1,	  Fleur	  Oback1,	  David	  Wells1,	  
Daniel	  F.	  Carlson3,	  Sco$	  C.	  Fahrenkrug3,	  Goetz	  Laible1	  

Mul:plex	  gene	  edi:ng	  

%	  HDR	  

APC	   40	  

Rag2	   36	  

%	  HDR	  

APC	   37	  

p53	   10	  

Popula:on	  @	  day	  3	  

Colony	  Genotypes	  

%	  HDR	  

Rag2	   43	  

IL2Rg	   25	  

n	  =	  79	  clones	  

APC	  
n=43	  

p53	  
n=4	  

n=12	  

n	  =	  44	  clones	  

IL2R	  

RAG2	  
n=7	  

n=5	  

n=2	  

n	  =	  75	  clones	  

RAG2	  

APC	  
n=16	  

n=11	  

n=6	  
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Mul:plex	  Gene	  Edi:ng	  

N=91	  colonies	  

12 clones: APC+/ins ; p53+/ins  
3 clones: APCins/ins; p53+/ins 
1 clone: APC+/ins ; p53ins/ins 

1 clone: APCins/ins; p53ins/ins  

Pigs	  to	  farrow	  in	  March!	  

Reliable	  mul4plex	  edi4ng	  of	  up	  to	  5	  genes	  

Genes	  
edited	  

Trial	  1	  	  
RFLP	  +	  (%)	  

Trial	  2	  	  
RFLP	  +	  (%)	  

Trial	  3	  	  
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)	  

Manuscript	  in	  Prepara?on	  

PREDICTION:	  Within	  2	  years	  we	  will	  be	  edi:ng	  up	  to	  50	  loci	  at	  a	  :me	  

Laboratory of Molecular 
Cytogenetics and Genomics  

RESULTS 
Total 50 cells analyzed, no chromosomal abnormalities found. 
Chromosome number: 38, XY 
Chromosome morphology: Normal 
Sex chromosomes: One X and one Y chromosome. 
Normal karyotype for a male porcine cell line.  

Cytogene:c	  analysis	  
Species:	  Pig	  	  
Code:	  SSC52	  
Name:	  Ossabaw	  #2	  (MP26)	  
Breed:	  Ossabaw	  
Received:	  07/23/2013	  

(Trial 3) 

Manuscript	  in	  Prepara?on	  

Introgression	  for	  Accelerated	  Breeding	  

•   Precision	  Crossbreeding	  
•   Resolving	  bad	  “moves”	  
•   Resolve	  antagonis4c	  alleles	  
•   Break	  linkage	  disequilibrium	  
•   Traits/alleles	  hard	  to	  select	  for	  
•   Novel	  Alleles	  

Tan,	  Carlson,	  Walton,	  Fahrenkrug,	  Hacke$	  (2012)	  Advances	  in	  Gene4cs	  80:37-‐97	  

Tan,	  Carlson,	  Walton,	  Fahrenkrug,	  Hacke$	  (2012)	  Advances	  in	  Gene4cs	  80:37-‐97	  

Horizontal	  Allele	  Introgression	  

Tan,	  Carlson,	  Walton,	  Fahrenkrug,	  Hacke$	  (2012)	  Advances	  in	  Gene4cs	  80:37-‐97	  
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A	  CONTINUUM	  OF	  PREDICTABILITY	  

Synthe:c	  
Genome	  

Transgenic	  
Random	  

Cisgenic	  
Random	  

Novel	  	  
Allele	  

Synallelic	  
Intraspecific	  
Intrabreed	  

Allelic	  
Interspecific	  

Allelic	  
Intraspecific	  
Interbreed	  

Allelic	  
Intraspecific	  
Intrabreed	  

Synallelic	  
Interspecific	  

Synallelic	  
Intraspecific	  
Interbreed	  Transgenic	  

Targeted	  

Cisgenic	  
Targeted	  

Cross	  
Breeding	  

Line	  	  
Breeding	  

Conundrum:	  Could	  animals	  IDENTICAL	  at	  the	  sequence	  level	  but	  bred	  by	  
tradi4onal	  versus	  molecular	  breeding	  be	  regulated	  differently?	  
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FDA	  Industry	  Guidance	  

Regula:on	  of	  Gene:cally	  Engineered	  Animals	  Containing	  Heritable	  Recombinant	  
DNA	  Constructs	  (1/15/2009)	  

“…FDA	  defines	  'gene4cally	  engineered	  (GE)	  animals'	  as	  those	  animals	  modified	  by	  
rDNA	  techniques,	  including	  the	  en4re	  lineage	  of	  animals	  that	  contain	  the	  
modifica4on.	  	  The	  term	  'GE	  animal'	  can	  refer	  to	  animals	  with	  heritable	  rDNA	  
constructs…”	  

The	  rDNA	  construct	  (an	  ar4cle)	  in	  a	  GE	  animal	  that	  is	  intended	  to	  affect	  the	  
structure	  or	  func4on	  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	  Cosme4c	  Act)	  drug	  defini4on.	  

Recombine:cs'	  gene-‐edited	  animals	  DO	  NOT	  contain	  rDNA	  	  

Generally	  Recognized	  as	  Safe:	  GRAS	  

Asser4on:	  Gene-‐edited	  animals	  contain	  DNA	  that	  is	  IDENTICAL	  to	  what	  is	  widely	  
consumed	  and	  generally	  recognized	  as	  safe	  (GRAS)	  

	  	  
GRAS	  exemp:ons	  are	  granted	  for	  substances	  that	  are	  generally	  recognized,	  
among	  experts	  qualified	  by	  scien4fic	  training	  and	  experience	  to	  evaluate	  their	  
safety,	  as	  having	  been	  adequately	  shown	  through	  scien4fic	  procedures	  (or,	  in	  the	  
case	  of	  a	  substance	  used	  in	  food	  prior	  to	  January	  1,	  1958,	  through	  either	  scien4fic	  
procedures	  or	  through	  experience	  based	  on	  common	  use	  in	  food)	  to	  be	  safe	  
under	  the	  condi4ons	  of	  their	  intended	  use.	  

	  
Self-‐affirmed.	  The	  manufacturer	  of	  this	  chemical	  or	  substance	  had	  performed	  all	  
necessary	  research,	  including	  the	  forma4on	  of	  an	  expert	  panel	  to	  review	  safety	  
concerns,	  and	  is	  prepared	  to	  use	  these	  findings	  to	  defend	  its	  product's	  GRAS	  
status.	  

	  


