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Classical plant breeding
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Tissue culture Mutation breeding
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Cucumber resistance
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CFMMYV epidemic
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Irradiation: fast neutrons, x-rays or gamma rays

Rio Star and Ruby Red Grapefruit cpemicals: ethyl methane sulfonate (EMS), sodium
azide (SA), N-nitroso-N-methylurea (NMU)

Brookhaven National Labs Institute of Radiation breeding
New York, 1958



https://mvd.iaea.org/#!Home
https://mvd.iaea.org/#!Search?page=1&size=500&sortby=Name&sort=ASC&Criteria[0][field]=FreeText&Criteria[0][val]=disease resistance

@ Distinct sweet taste
@ Mostly seedless
& Remarkably Juicy

® Appetizing color
v Easy to peel




Distribution of mutant crop varieties by continents (2015)

2%

m Africa (66)

® Asia (1,943)

» Australia and Pacific (10)

® Europe (953)

® Latin America (50)

® North America (200)

Oladosu et al., (2016) Principle and application of plant mutagenesis in crop improvement
Biotechnology & Biotechnological Equipment, 30:1-16,



Method of mutation breeding

Mutagen

P

Original seed varieties | f M;plantchimer [ ] M2 seed

l

Genome editing

¢ M2 segregation population
(mutation selection)

e  Seed multiplication
e M3 segregation population
*  Multi-location yield test (mutation and line selection)

¢ M4 homogeneity test

N

New variety (ies)

Further evaluation Hybridization

Oladosu et al., (2016) Principle and application of plant mutagenesis in crop improvement Biotechnology &
Biotechnological Equipment, 30:1-16,
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Precision Genome Editing
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DNA double-strand break (DSB) 1n11 '9'¥x90 "'NXA

Endogenous DSB repair pathways

Non Homologous End Joining Homology-dependent repair
(NHEJ) (HDR)
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NENS (transcription activator-like effector nucleases.3
CRISPR-Cas9 .4

(Clustered Regularly Interspaced Short Palindromic Repeats)

Mega-nuclease.l

ZFNs (Zinc-finger nucleases) .2
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CRISPR-Cas9

(Clustered Regularly Interspaced Short Palindromic Repeats)
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Streptococcus thermophilus

EXPLORING LIFE, INSPIRING INNOVATION

News -~ ~ Magazine ~ ~ Multimedia ~ ~ Subjects ~ ~ Surveys ~ ~

The Scientist » Magazine = Motebook

There’s CRISPR in Your Yogurt

We've all been eating food enhanced by the genome-editing tool for years

By Kerry Grens | January 1, 2015



https://en.wikipedia.org/wiki/Streptococcus_thermophilus
https://en.wikipedia.org/wiki/Streptococcus_thermophilus

'ANOIMVPA TAD O'PT'NA 10NN NdVn CRISPR/Cas
CRISPR systems in prokaryotic immunity

Clustered Regularly Interspaced Short Palindromic Repeats

Prokaryotic cell

Stage 1: Foreign DNA acquisition
\

~/
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cas genes %@Qec,q CRISPR locus

— >u—0l0l TeHe @ @ Stage 3

RNA-guided

@ @ targeting of
l CRISPR locus transcription viral element

T
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Stage 2: CRISPR RNA processing

http://rna.berkeley.edu/images/crispr-pathway.jpg


https://www.youtube.com/watch?v=2pp17E4E-O8

CRISPR/Cas9 -7 m177n

1987 Ishino et al. First described a Clustered repeats in the bacterium Escherichia coli , but at
that time their function was not known

2002 Jansen et al. coined the name CRISPR-CRISPRs are mobile elements Mol Microbiol. 2002 43:1565-75.

007 Barrangou et al. demonstrated that CRISPR provides acquired resistance against viruses in prokaryotes

N

2010 Gameau et al. show that CRISPR/Cas system can acquire new spacers from foreign DNA

Jinek et al. develop CRISPR/Cas, which can be programmed to
012" recognize and target any DNA sequences (RNA guided DNA
endonuclease) Science. 2012 337:816-21.

N

RNA-programmed genome editing in human cells
2013 Multiplex genome engineering using CRISPR/Cas systems.
Science. 2013, 339(6121):819-23

Nekrasov et al., 2013; Li et al., 2013; Shan et al., 2013) First demonstration of CRISPR/Cas9
—genome engineering in Plant cells. Nature Biotechnology (N.benthamiana , Arabidopsis thaliana
and Oryza sativa)


https://en.wikipedia.org/wiki/Escherichia_coli
http://www.ncbi.nlm.nih.gov/pubmed/11952905
http://www.ncbi.nlm.nih.gov/pubmed/11952905
http://www.ncbi.nlm.nih.gov/pubmed/11952905
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://www.ncbi.nlm.nih.gov/pubmed/23287718
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The principle of CRISPR/Cas9-mediated gene disruption

1 sgRMNA (single guide RMNA) 2 sgRMA + Cas9 protein
Casd
-I _.-".-
sgRMA |- i
L ol S
EE—
PAM saguence
(6'-NGG-3')
Fr1Trrrrrrih L
-« - o » FrT1rrri1riu1i T
Targeat spacific tracrRNA L1 1 11111 L1
crRNA sequence - >
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3 Target specific cleavage ‘i Cellular error-prone repair “knocks out” gene
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CRISPR/Cas, the Immune System of Bacteria and Archaea
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CRISPR's ability to edit DNA has helped scientists create a menagerie of genetically new
R
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PLANT BIOTECHNOLOGY

CRISPR clips crop genes

Mature 528, 167 (10 December 2015) | doi:10.1038/528167a
Published online 09 December 2015

pDF | & citation | [y Reprints | % Rights & permissions Article metrics

Subject terms: Plant sciences - Agriculture - Biotechnology - Genomics

The CRISPR-Cas9 genome-editing system has been used to alter the genomes of two crop
plants: barley (Hordeum vulgare; pictured) and Brassica oleracea, a species that includes broccoli
and cabbage.

CRISPR-Cas9 allows researchers to easily engineer mutations in
genomes and has been tested in some crops, including rice and
wheat. Cristobal Uauy and Wendy Harwood at the John Innes
Centre in Colney, UK, used the system in barley and the brassica
species to knock out the function of genes encoding certain plant
hormones that are involved in growth and seed development —
both important agronomic traits.

The team generated heritable mutations and the modified plants
contained no foreign genes. However, the editing system
occasionally infroduced unwanted, off-target genetic changes.

Hagen Zapfiimagebroker/Corbis

Genome Biol. 18, 258 (2015)

More Research Highlights
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Targeted genome modification of crop plants using a CRISPR-Cas system.
Shan Q, Wang Y, Li J, et al. Caixia Gao (2013)
Nat Biotechnol 31:686—-688.

Primer Primer
b i bl
EXON12 jr— p—
AATGGGTTGGACGGAGTGACACTG=3"
TR RN 1T
A ¥ CTCACTGTGAC-5'
SP2
C i 0sPDS-SP1 OsPDS-SP2
M 1 2 3 4 M 1 2 3 4
Uncleaved band 578 - s
Cleaved band [ 410 -
168 -
Indel (%) 21 19 15 14
OsPDS-SP1
TCCARACCGTTCAATGCTGGAGTT T AATGGGTTGGACGGAGTGAC  WT

Oy B -
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Targeted mutagenesis, precise gene editing, and site-specific
gene insertion in Maize Using Cas9 and Guide RNA

ALS-CR4 PAM

ALS2: GCGCTGCTCGATTCCGTCCCCHTG
ALS1:GCGTTGCTCGACTCCGTCCCCHTT!

PAM

CGCCATCACGGGACAGGTECCECGACGCATGATTGGCACCGACG
CGCCATCACGGGACAGGTECCEHCGACGCATGATTGGCACCGACG

ALS-CR1

B
Target Site | Total Reads | Mutant reads (ALS1) Mutant reads (ALS2)
ALSCas-1 204,230 2704 (1.3%) 5072 (2.5%)
ALSCas-4 120,766 40 (0.03%) 3294 (2.7%)
C
ALS-CR4 TS PAM

ALS1 (genomic) GCGCTGCTCGATTCCGTCCCCACGCCATCACGGGACAGGTGCCGCGACGC
A L L DSV PMV AITGQ V| P|R R

Oligol GCGITGCTCGACTCCGTCCCCATTGTCGCCATCACGGGACAGGTGTCGCGACGC
A L L bDs VP I VATI TG Q V|[SIR R
0ligo2 GCGITGCTGGACTCCGTGCCGATGGTCGCCATCACGGGACAGGTGTCCCGACGC
A L L DSV PMV A ITGQ VI S R R
D
DONOR DNA
DNA vector containing 2 g
794 repair template 2% Oligo L || == (Oligor 2
Embryos bombarded 1000 1000 1000
ALS2 edited events
2 3 4
recovered

NMIX'71197107 NIy

ALS |22 |™07 |'7N9 'K nxnin n97nn "'y

Editing the acetolactate synthase (ALS2) gene
yielded Sulfonylurea herbicides -chlorsulfuron-

resistant plants.
Svitashev et al., (2015) Plant Physiol 169:931-945

A
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Simultaneous editing of three homoeoalleles in hexaploid bread
wheat confers heritable resistance to powdery mildew

Targeted knockout of TaMLO genes Loss of TaMLO function confers resistance of
bread wheat to powdery mildew disease

a Wheat MLO genes

Conserved region in genomes A, B and D

%2

sgMLO-A1

TaMLO-A1: TCGCTGCTGCTCGECGTCACGCA CAATCTCJGGGATATGCATCTCCCA
TaMLO-B1: TCGCTGCTGCTCGCCGTGACGCA CCATCTCCGGGATATGCATCTCCGA
TaMLO-D1: TCGCTGCTGCTCGCCGTGACGCA CAATCTCCGGGATATGCATCTCCGA

AvaII

MLO-A1

MLO-B1 .

MLO-D1 ’\r*raabb E ©aadd ~ aabb
C T0-1 A1: TCGCTGCTGCTCGCCGTCAC. ««vvvevvneennnnns TATGCATCTCCCA C 3 d WT et b

T0-2 A1: TCGCTGCTGCTCGCCGTcacgcagga. . .aatctcCGGGATATGCATCTCCCA © S o

TOBATS 5 swnpn wosin spass SPues vasss o caatctcCGGGATATGCATCTCCCA o ) ) Ibfgo O 0’0“

B1: TCGCTGCTGCTCGCCGTgacgcagga/ccccatctcCGGGATATGCATCTCCGA

Wang Y, Cheng X, Shan Q, et al. (2014) Nat Biotechnol 32:947-951.
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Chandrasekaran et al., Molecular Plant Pathology 2016

Cucumber vein yellowing virus (CVYYV, genus Ipomovirus)
Zucchini yellow mosaic virus (ZY MYV, genus Potyvirus)

Papaya ringspot virus (PRSV-W, genus Potyvirus)

VolCas



Potyvirus genome organization
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Prof. Mark Varrelmann, Plant virology
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HindIII
gRNA elF
Sall RB
358

NLS \_

pcoCas9
pRCS-Cas9-AtU6:sgRNA

14921bp

358T /\ spR
nos terminator <_—:\\/‘LB

NOS promoter
nptll

pPRCS-35S:Cas9-AtU6:sgRNA(elF4E)

Sall Hindlll

uide sequence
AtU6p ; g d /Scaffold /

g

AtU6p:elF4EsgRNAL

sgRNA

elFAE "

NGG

RuvC
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http://www.aati-us.com/product/fragment-analyzer/CRISPR
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Schematic representation of the cucumber elF4E genomic map

5°UTR> £xon Intron = UTR 3’
: I I
e
SgRNAL target SgRNAZ2 target
| GAAAACCCTAGAGGACGTGGCGY [GCAGTTGTTAATGTTAGATCTGGG
BmgBI
BmgBI Non-
digested  digested
M CEC1-1 wt wt
.0
e 300 _, . )
- PCR and Restriction analysis
100

Transgene —
¥ "
sgRNA + D

Alignment elF4E mutant plants with wild-type sequence

CTTTCTAATTCCATTGCTAATCAAAACCCTAGAGGACGTGGCGGTGAGGAAGATGAGGAACTTGAGGAAG WT

CTTTCTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTTTCTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTTTCTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTTTCTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTTTCTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTTTTTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAGCTTGAGGAAG -20
CTTTCTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20

CTTTCTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
CTTTCTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
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PCR restriction analysis of T1 progeny plants of line CEC1-1

. . Non-
BmgBI - digested digested

M 2 9 5 8| 7 20 12 16 3| 10 wt wt

Transgene
sgRNA —— — — e
Alignment elF4E mutant plants with wild-type sequence

Plant no. 1

CTAATTCCATTGCTAATCAAAACCCTAGAGGACGTGGCGGTGAGGAAGATGAGGAACTTGAGGAAG WT
CTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
CTAATTCCATTGCTAATCAAAACCCTAGA-——————————————————— TGAGGAACTTGAGGAAG -20
Plant no. 4

CTAATTCCATTGCTAATCAAAACCCTAGAGGACGTGGCGGTGAGGAAGATGAGGAACTTGAGGAAG WT
CTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
CTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
CTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
CTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
CTAATTCCATTGCTAATCAAAACCCTAGAGGAC-TGGCGGTGAGGAAGATGAGGAACTTGAGGAAG -1
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Cucumber vein yellowing virus (CVYYV, genus Ipomovirus)

— y = |
—
— |

Zucchini yellow mosaic virus (ZYMYV, genus Potyvirus)
Papaya ringspot virus (PRSV-W, genus Potyvirus)
Cucumber mosaic virus (CMV, genus cucumovirus)

Cucumber green mottle mosaic virus (CGMMYV, genus tobamovirus)

|
|
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HH Het-mut HH Hom-mut Control Het-mut Hom-mut

RT-PCR

Homozygous elF4E mutants
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RT-PCR analysis of ZYMV RNA accumulation
Homozygous elF4E mutants
M 1 2 3 4 5 6 7 8 9 10 Het-mut H
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Supported by Ministry of Agriculture, Israel
Chandrasekaran et al., Molecular Plant Pathology 2016
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CRISPR/Cas9AG L6(+/-) CasAGL6 (-/-)

Clap et al., Plant Biotechnol J. 2017



https://www.ncbi.nlm.nih.gov/pubmed/27862876
https://www.ncbi.nlm.nih.gov/pubmed/27862876
https://www.ncbi.nlm.nih.gov/pubmed/27862876
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Rapid generation of a transgene-free powdery mildew resistant tomato by genome

deletion. Nekrasov, et al., Scientific Reports 7, Article number: 482 (2017)

-—
Primer R

b P
C WT 1 2 810
500 -
400 -
300 -
d Target 1 PAM PAM Target 2
WT ACATAGTAAAAGGTGTACCTGTGGTGGAGACTGGTGACCATCTTTTCTGGTTTAATCGCCCTGCCCTTGTCCTATTCTTGATTAACTTTGTACTCTTTCAGG
Plant1 ACATAGTAAAAGGTGTACCTGTGGTGGAGACTGGTGACCATCTTTTCTGGTTTAATCGCCCTGCCCTTGTCCTATTCTTGATTAACTTTGTACTCTTTCAGG
Plant2 ACATAGTAAAAGGTGTACCTGTGGTGGA = === === == = = o e e e e e e e e e e CTTGATTAACTTTGTACTCTTTCAGG
Plant8 ACATAGTAAAAGGTGTACCTGTGGTGGA= === === == = = = e e e e e e e e e e e e e e e e CTTGATTAACTTTGTACTCTTTCAGG
ACATAGTAAAAGGTGTACCTGTGGTGGA = === = = = = = = = m o o e e e e e e e e e e CTTGATTAACTTTGTACTCTTTCAGG
Plant 10 | 5 araGTAARRGETETACCTETGETGEA ~ == === === mmmmm e e TTGATTAACTTTGTACTCTTTCAGG

WT simlo1
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Improving cold storage and processing traits in potato

through targeted gene knockout

Clasen et al., Plant Biotechnology Journal 2016

HO
CH,OH CH,OH Invertase
9] ) Vinv
OH H —>
o o) CH,OH
OH & HO
Sucrose

i il '

Wild type St116_8

OFructose @Glucose MWSucrose

St116_1

H OH O

OH OH
Glucose

HO

OH OH
Fructose

8000
7000
— 6000
5000
4000
3000
2000
1000
0

Acrylamide (ug/kg

Potato chip brownin

H
sn
4
OH
Wild type

NH,

e

Acrylamide
=l

St116_1

St116_1

{

C\“&,

Chip-color
score

24.50

42



?7GM X7 D03 729V DN
GM or NOT GM !

N'Y71200 IX 'R NPMINN 19X e
(D172 N'70'R ,NTHY) NIFSI0 NIV7NN 'K [TV NYTN NAI7100  °

[““"'1"“'0“3] ‘voﬂklyjuul."al "r —— namre International \\'(‘t"kll\'joll rnal of science

REIE | DS CERhE | RETEEEL | EEEERALNE | (T I | RUZIE | RN | 1 Home | News & Comment | Research | Careers & Jobs | Current Issue | Archive | Audio & Video | For Aut

_ \ Y
FIEnE | WEAMNBE o) EES m News & Comment > News > 2016 ) February m

s 3 [
e <=8

Europe’s genetically edited plants stuck inlegal  CRISPR tweak may help gene-edited crops bypass
limbo biosafety regulation

S @i .
namre International weekly journal of science namre International weekly journal of science
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Crop conundrum Gene editing: Edited plants should not be patented

The EU should decide definitively whether gene-edited plants are covered by GM laws. John R. Porter, Jean-Louis Durand & Taline Elmayan

L | .
15 December 2015 Affiliations | Corresponding author

Nature 530, 33 (04 February 2016) | doi:10.1038/530033b
Published online 03 February 2016



Distribution of mutant crop varieties by continents (2015)

2%

m Africa (66)

® Asia (1,943)

» Australia and Pacific (10)

® Europe (953)

® Latin America (50)

® North America (200)

Oladosu et al., (2016) Principle and application of plant mutagenesis in crop improvement
Biotechnology & Biotechnological Equipment, 30:1-16,



NATURE NEWS
Gene-edited CRISPR mushroom escapes US regulation

A fungus engineered with the CRISPR—Cas9 technique can be cultivated and
sold without further oversight.
Emily Waltz 14 April 2016

The common white button mushroom (Agaricus bisporus) has been modified to resist browning.

The US Department of Agriculture (USDA) will not regulate a mushroom genetically modified
with the gene-editing tool CRISPR—Cas9.



http://www.nature.com/news/crispr-1.17547
http://www.nature.com/news/crispr-1.17547
http://www.nature.com/news/crispr-1.17547
http://www.nature.com/news/crispr-1.17547
http://www.nature.com/news/crispr-1.17547
http://www.nature.com/news/crispr-1.17547
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CRISPR-edited crops free to enter market, skip regulation

‘Emily Waltz

Nature Biotechnology June 2016

Waxy corn -down production of cornstarch's amylose Wx1 - polysaccharide amylopectin

CRISPR-edited crops free to enter market, skip regulation

b '\%

The first CRISPR-edited crops presented
to the US regulatory system can be
cultivated and sold without oversight by
the US Department of Agriculture (USDA),
the agency said in a pair of letters posted
in April. The decisions could reduce by
millions the cost of development of the
crops: an anti-browning mushroom and a
waxy corn genetically modified with the
gene editing tool CRISPR-Cas9. Some
scientists hailed the decision as a step

in the right direction, although media
outlets and other interested parties said it
illustrates the murky state of US biotech
regulations.

Johnston, lowa-based DuPont Pioneer
engineered the waxy corn to contain starch
composed exclusively of the branched
polysaccharide amylopectin—a commodity
in processed foods, adhesives and high-

-

DuPont Pioneer’s high amylopectin corn is the first CRISPR-edited plant likely to bypass USDA
oversight.

© Dinodia Photos / Alamy Stock Photo



http://www.nature.com/nbt/journal/v34/n6/full/nbt0616-582.html#auth-1
http://www.nature.com/nbt/journal/v34/n6/full/nbt0616-582.html#auth-1
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When is a GM plant not a GM plant?

Elizabeth Pennisi
+ See all authors and affiliations

Science 16 Sep 2016:
Vol. 353, Issue 6305, pp. 1222
DOI: 10.1126/science.353.6305.1222

Article Info & Metrics elLetters PDF
You are currently viewing the summary. View Full Text =
Summary

The recently developed genome-editing methods, from zinc finger nucleases to transcription
activatorlike effector nucleases (TALENs) to CRISPR, are shaking up the debate over how to
regulate genetically modified (GM) crops. Canada, for example, has stuck to its rule that a
plant should be regulated as GM if a novel trait has been introduced to it, regardless of the
technology used. But the U.S. Department of Agriculture has so far exempted plants altered by
TALENs and CRISPR from its GM regulations. The European Union is still wrestling with the
issue.
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