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Brassica oleracea

Kohlrabi (a common wild mustard)
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ACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACT
CTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCAT
GCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCAT
CATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGA
CGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCAT
CATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTA
CTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCA
TCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTAC
GCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACT
CAGACGACGCAGCAGCATCATCATCTAGGATACTCTATTACTACTACGCAGCATCATCATCAGATCA
TCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCA
TCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATA
CGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTA
CTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACT
AGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCAT
CAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGC
AGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTA
CACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATAC
TCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCA
TGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCA
TCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACG
ACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCA
TCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCT
ACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATC
ATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTA



ACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACT
CTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCAT
GCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCAT
CATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGA
CGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCAT
CATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTA
CTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCA
TCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTAC
GCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACT
CAGACGACGCAGCAGCATINMAM TCTAGGATACTCTATTACTACTACGCAGCATCATCATCAGATCA
TCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCA
TCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATA
CGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTA
CTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACT
AGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCAT
CAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGC
AGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTA
CACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATAC
TCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCA
TGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCA
TCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACG
ACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCA
TCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCT
ACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATC
ATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTA



ACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACT
CTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCAT
GCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCAT
CATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGA
CGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCAT
CATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTA
CTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCA
TCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTAC
GCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACT
CAGACGACGCAGCAGCATINMAM TCTAGGATACTCTATTACTACTACGCAGCATCATCATCAGATCA
TCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCA
TCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATA
CGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCAT@ATCATCTACTATACTCTATTA
CTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACT
AGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCAT
CAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGC
AGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTA
CACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATAC
TCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCA
TGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCA
TCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACG
ACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCA
TCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCT
ACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATC
ATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTA



ACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACT
CTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCAT
GCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCAT
CATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGA
CGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCAT
CATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTA
CTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCA
TCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTAC
GCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACT
CAGACGACGCAGCAGCATINMAM TCTAGGATACTCTATTACTACTACGCAGCATCATCATCAGATCA
TCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCA
TCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATA
CGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATIATCATCTACTATACTCTATTA
CTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACT
AGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCAT
CAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGC
AGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTA
CACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATAC
TCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCA
TGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCA
TCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACG
ACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCA
TCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCT
ACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATC
ATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTA
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Traditional Breeding
Desired traits are identified in separate individuals
of the same species, which are then bred to
combine those traits in a new hybrid variety.
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Mutation Breeding
Seeds are irradiated to promote random mutations in

their DNA. If a mutation happens to produce a desirable
trait, the plant is selected for further breeding.
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Transgenic
Genes identified in one species can be transferred directly
to an unrelated species, giving it an entirely new trait.
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Gene Editing
Specific edits to DNA are made in a targeted
manner to confer new trait. Genome editing can
be used to:
* remove/alter DNA (Mutation Breeding)
* add new DNA (Genetic Modification)




Gene editing will redefine, accelerate, and enhance breeding
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CRISPR-Cas9
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ACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACT
CTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCAT
GCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCAT
CATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGA
CGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCAT
CATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTA
CTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCA
TCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTAC
GCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACT
CAGACGACGCAGCAGCATINMAM TCTAGGATACTCTATTACTACTACGCAGCATCATCATCAGATCA
TCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCA
TCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATA
CGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCAT@ATCATCTACTATACTCTATTA
CTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACT
AGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCAT
CAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGC
AGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTA
CACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATAC
TCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCA
TGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCA
TCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACG
ACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCA
TCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCT
ACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATC
ATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTA



Mutations via gene editing are
indistinguishable from naturally
occurring mutations.

CTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCA
TCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTAC
GCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACT
CAGACGACGCAGCAGCATIMMMA TCTAGGATACTCTATTACTACTACGCAGCATCATCATCAGATCA
TCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCA
TCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATA
CGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATIATCATCTACTATACTCTATTA
CTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACT
AGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCAT
CAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGC
AGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTA
CACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATAC
TCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCA
TGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCA
TCATCATCAGATCATCATCATCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACG
ACGCAGCAGCATCATCATCTACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCA
TCATCTACACGATACGCATCATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCT
ACTATACTCTATTACTACTACGCAGCATCATCATCAGATCATCATCATCATCTACACGATACGCATC
ATCAGCATGCGACTAGCGACTCAGACGACGCAGCAGCATCATCATCTACTATACTCTATTACTACTA




Low-gluten wheat engineered with CRISPR-Cas9

PAM
! aAlpha-2 T Smer
BWz208 wt CAATT TCCAZCCCAS CAACAACCATT TCCACCACAAC AC CCATATCORCAS COGCAACCATT TCCATCACAACARCCATATC TE CAS CTGCARCCATTTC
1
-1bp CAATTTCTAZGCECAS CAACAACCATT TCCACCACAACAACCATATC CACAS COGCARCCATT TCCATCACAACAACCATATC TS CAACTGCARCCATTTC
-1bp CAATTTCTAZGGECAG CAACRACCATT TCCACCACAACRAACCATATCCACAR COGT ATTTCCATCACAACTACCATATC TE CAG CTGCAACCATTTC
-3bp CAATTTCCAZGGECAZCAACAACCATT TCCACCACAACAZ CCATATCOZCAG COGCANMNA TTTCCATCACAACALCCATATC TE CAG CTGCARCCATTTC
Sbp CAATTTCTAZEGECAS TAACRACCATT TCCACCACAACAACCATATC CACAG COMBEES " A TTTCCATCACRACAACCATATC TS CAZ TTGCARCCATTTC
-Bbp CAATTTCTAZGGCAZCAACAACCATT TCCACCACAACAZ CCATATCOZ CAG CONBESST TCCATCACAACALCCATATC CACAZ CCACARCCATTTC
-4 hgp CARATTTCCAZGECAG CAACRACCATT TCCACCACAACAG CCATATCOZ CAG COGC AN TC ACAACAACCATATC TS CAG CTGCARCCATTTC
-11 CAATTTCTAZCECAS CAACAACAATT TCCACCACAACAACTACATC (N /. TT TCCATCACAACAACCATATC TS CAZ CTGCARCCATTTC
-18bp CAATT TCTACGE CAC CAACAACCATT TCCAC CACAAC AACCA TATC (e TCACAACACGCCATATC TS CAG CTGCAACCATTTC
-18 bp CARATTTCTAZGGECAZ CAACAA TCATT TCCACC ACA AC A A e C A TT TCCATCACAACARCCATATC TE CAZ CTGCARCCATTTT
-23bp CAATT TCTACGE CAC CAACAACCATT TCCAC CACAAC AACCA TATC CACAG COaC A T C T3 CAG CTGCAACCATTTC
-28 bp CAATTTCCAZGGECAZCAACAACCATT TCCACC A CAAC A CC A TA T C Ol = C A TATC T= CAG CTGCAE CCATTTC
-36 bp CAA T T T CTACGE A CAACAACA AT T O CAC C ACAAC AR CC A T A T NS T CAC CTGCAACCATTTT
-36 bp CAATTTCTAZGGCAZ CAACAACCATTTCCATCACAACAACCATATCCACAG CAACCATTTC
-39 bp CAATTTCTAZGECAZ CAACAACCATT TCCATCACAACAACCATATCCACAS CLACCAT
-54 bp CARTT TCTAGGGCAG CARCAA CCATT TCCACC A CAAC AR CC A TA T C CA O A O
-64 bp 22 e~ L CA RCRACCATATC TR CAG CTGCAACCATTTC
-67 bp C A ACARCCATATCTECAG CTGCARCCATTTC
74 bp CAATTTCTEEEECAE CAACAACCATT TCCACCACAACAACCATATCCACAR
-74 bp CAATT TCTEEEECAE CARCAA CCA T TCCACC A CA AC AR T C A T A T T A G O
-75bp CAATATCCAC GG CAC CAACAA CC AT T O CAC C ACA AC AR T C A T A T e ———
-75bp CAAT T T CCAGGE CAC CAACAA CC AT T O CACC ACA AC AG CC A T A T e Eee———
-78 hﬂp CAATTTCCAGGGECAG CAACAACC AT TCCACCACA AC AG CC A T A T C Ol
-1 AR T A T O AG GG CA A CA A A A O A T T O A
-111bp CAATT TCCAGGECAG CAACAACC AT T TCCACCACAAC AR CC A TA T O C A (e
-1

bp CAATATCCACGE CAACAACAACC AT T O CACC ACAAC AG CC A TA T A C A eSS

Sanchez-Leon et al 2017



Increase grain size/weight in wheat
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Main features of technologies

mutations Typeof Change could Foreign Transgenic step

/changes mutations occur naturally DNA required?

\“EE NI T >500,000 No No
Transgenic 1 (or more) Targeted No Yes Yes
No Yes

(possible) (not with new methods)

Random

Gene Editing 1 (or more) Targeted Yes




...some final thoughts...

Mutations are essential for genetic variation within a species.

Mutations via gene editing are indistinguishable from naturally occurring
mutations, albeit targeted.

Careful with the over-hype.

Part of a broader toolkit for molecular breeders.

Proportionate science-based regulation to promote innovation.
Not just plant genetic diversity, but also human diversity!

Cristobal Uauy (cristobal.uauy@jic.ac.uk)

YV @CristobalUauy

John Innes Centre
Uﬂiocking_ Nature's Dlx/e/wgi'h]

95 BBSRC

blosmence for the future

WELLCOME
GENOME
CAMPUS

https://www.yourgenome.org/

[l THE ROYAL

@] SOCIETY
https://royalsociety.org/topics-

policy/projects/genetic-technologies/


http://www.bbsrc.ac.uk/
mailto:cristobal.uauy@jic.ac.uk
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=-S7_ap3ICb-TMM&tbnid=TW40P_3a4vVnfM:&ved=0CAUQjRw&url=http://logospictures.blogspot.com/2013/04/twitter-logo.html&ei=q6LXUt-vCKqm0wWK_oCYAg&bvm=bv.59568121,d.d2k&psig=AFQjCNFLmlYuwtDRV3VDXqUUuN4zp6J_eQ&ust=1389949968650300

