The use of novel editing techniques in
(practical) breeding: possibilities and
challenges
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Breeding (research) projects at Plant Breeding

" Food crops: potato, tomato, cabbage, lettuce, onion,
apple, quinoa, button mushroom,...

" Bio-based crops: crambe, camelina, hemp, miscanthus...
" Ornamental crops: lily, tulip, rose...
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Improved breeding using New Plant

Breeding Techniques

" Improved breeding or rather
precision breeding

" Cisgenesis: genetic modification
using only genes from the
species itself

" Directed mutagenesis
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Cisgenic Gala apple

" Apple scab resistance (Vf2)
" Red flesh (Myb10)
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Directed mutagenesis at Plant Breeding

" In the past Zn fingers, Talens, now;

" CRISPR-Cas for mutagenesis in different crops:
-potato: R and S-genes, starch, carotenoids
-tomato: S-genes, taste attributes

-camelina, crambe: oil composition, anti-nutritional
factors

-wheat: gluten
-chrysanthemum: haploid induction

-nicotiana: tests

" Many crops are polypoids
" Difficult using conventional mutation-induction techniques
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Mutation breeding in polyploids is challenging

" Polyploids have multiple allelic versions of each gene eqg:
e Potato, tetraploid (4x)
e Wheat, chrysanthemum, hexaploid (6x)
e Strawberry, octoploid (8x)

" Knock-out mutation: all alleles have to be targeted
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PBR & Dow AgroSciences ZFN project
(2009/2010)

B Research guestion: can ZFNs induce multi-allelic
mutations??

" Targeted mutagenesis in potato using ZFNs
" Target: Sbell-gene: starch branching enzyme

" For ‘loss of Sbell-function” mutation, all 4 alleles have to
be targeted
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Transformation of potato cv ‘Karnico’

" Potato (cv Karnico) is easy to transform

" Stable transformation with Sbell-ZFN pairs

® Selection of ~100 putative transformants (KmR-
shoots)/construct

e Integration of ZFN construct checked by PCR &
sequencing
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Mutation detection

" Deep sequencing using Illumina Hiseq NGS

" PCR fragments with Sbell target site from 80
independent transgenic lines

® 100.000x coverage of each sample, from both sides

" Expected outcome for each independent plant:
e mutation frequency
® nature and size of mutation
e extent of variation
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Sample #86: p35S-SBEll-ex2; 727 del/2021 reads (36%)

0-2002 =ag(1>95)
O0=572 =mag(l>25)
0-Z10 . =eq(l>25)
0-1Z00 =ag(lx95)
0-107% =aq(lx35]
0-T1ll.=s2q(1lx325)
0-361l.=s2q(1x25)
0-1168 . =agq(1l>95)
0-1757 . =aq(1l>95)

0-37 _segq(l>-95)1 -

0-242 =ag(l>25)
0-533 =ag(l>25)
0-289 =ag(l>25)
0-109% =ag(lx35)
0-212 =g l>25)
O0-532 _ =ag(l>25)
0-235 _ =ag(l>25)
O0-276 . =ag(l>35)
0-137 =ag(l>35)
0-7 _ =eg(1lx95]

0-13237 =ag(lx35)
0=1785 =ag(l>35)
0-1340 =ag(l>95)
0-1259 =ag(l>95)
0-10632 =sag(1x95)
0-1015.==gq(1>95)
0-S52.=aq(l>25)
0-676.=sag(l>95)
0-595_ =sag(l>95)
0-479 =ag(l>35)
O0-1758 =ag(lx35)
O0-1578 =ag(lx35)
0-1324 =ag(lx35)
O-635 _ =ag(l>25)
0-1127 . =ag(lx35)
0-1528 =ag(lx35)
0-243 =ag(l>25)
0-1404 =ag(lx35)
0-1792 =ag(lx35)
0-469 =ag(l335)
0-1046 =ag(lx35)
0=-1183 =ag(l>35)
0-1212 =ag(l>95)

0-5% =eq(l>35] -

0-219. seq(lx25)
0-2E22¢. saq(l325)
0-252 . =seq(lx25)
0-735 _ =eg(l>35)
0-195_ =eg(l>35])
0-182  =eg(l>95)

mxan Z for alligmrl:zldo) —*

Target: TACAG

! gEagrFAAFAT CTT -FCT FAALACT CTTCTT ACAATTCCFAAT CCCFACETT

TACAFTECAGCATCEFEFAAAFE cchbghgoch ggaacccagagh gatagot:.

I GET AGEEAARAT CTT GGECT FAAAAGTOT ~~—— ~———————— === === === ===

-------------------- TTETECCTEFARCCCAGAGT AT AGCT

I CGETaGGeraca- CTTEGCT FEALAGACTT OTT AL GATT CCGAAT DO CAACCTTOT A~~~ ——————— == ——————————————m— o GAACCCAGAGT GAT AGCT I
I CGTAGGEAAGAT CTTFGCT FARLAGT CTTCTT AC ARTT CCRRAT ~~ -~ ==~ ——=-=—=--— CAGCATCEEFEAAAET CCTTET FOCT G AR CCAFAET ZAT ACT |
I CGTaGGEAAGAT CTTFGCT FARLAGACTT CTT AC GATT CCERAT COCAACCT -~~~ -~ -~~~ AGCATCGEEGALAGT COTT GT GO CT GEALCCC ARAET AT Asc |
| oTaaGGFaAGAT CTT FECT FARRAFACTT CTT AL GATT CCRRAT OO -~~~ ~———--——--— CAGCATCEEFEAAAGT CCTTET FOCT FAAC CCAFAET ZAT AFCT I
| GGT AGGEAAGAT CTT FGCT FARAAGFACTT CTT AL GATT CCFAAT COCAR——————~———--— CAGCATCEEFEAAAGT CCTTET FOCT GAAC CCAFAGT ZAT AECT I
| GGT AGGEAAGAT CTTFGCT FAALAGFACTT CTT AC GATT CCFAAT COCAACCT -——--—- TTGCAGCATCGEEEAALET CCTT 6T G0 CT FEAACCE AFAET 641

VT 226 GFAAFAT CTT FFCT FARLAFACTT CTT AC GATT CCFAAT COCAACCTTOT A-—~TT 6L AFCAT CEFFFAAAGT CCTT T FOCT FRAACCC AGaT
I ETArCEAAEAT CTTEGECT GAAAAGACTTOTT ACEATT CC FAAT COCAACCTTCT A-— - TT GLAGC AT CEEEGAALET COTTET GO CT FRAACCC AGaT

T TArGEAAEAT CTTEGCT GARAAGACTTOTT ACGATT O FAAT COCAACCTTCT - -~ - - CAGCATCGEGEAALGTCCTT FTEOCT GEALCCCAGART G2]

I ETArGEAAEAT CTTEGCT GARAAGACTTOTT ACGATT O EAAT COCAACCT - - —— - —— TTGCART ATCGEGEAALGT COTT AT COCT GEAACCCAGART G2l

I ETArGEAAEAT CTTEGCT GARAAGACTTOTT ACGATT O EAAT COCAACCT - - —— - —— TTGCAGCATCGEGEAALGT CCTTFT COCTGEAACCCAGART G2l

AT ACErAAGAT CTT GECT FAAAAGACTT CTT A0 AATT CC GAAT DO CEACCTTOT - -~~~ ———————————-—— AAGTCCTTCTFCCTFEAACCCAFAGT FAT AFCT
AT ACErAAGAT CTT GECT FAARAGACTT CTT ACEATT OO GA -~ ————————————————————————————— AAAFTCCTTGTCCCT FEAACCC AFAGT FAT AFCT
T AR GEAAGAT CTT GECT FARRAGACTT CTT ACFATTCC GA————————————————————————————— = AAAFTCCTTGTFCCT FEAACCC AFAGT AAT AFCT I
T ACGEAAGAT CTT GECT FARRAGACTT CTT ACFATT CC GAAT COO-——— -~~~ === == === ——————— == AAGTCCTTCTFCCTFEAACCCAFAGT FAT AFCT
T ACGEARGAT CTT GECT FARRAGACTT CTT ACFATT CC GAAT COCARCCT ~~—————— === === === === — = == TCCTTETECCTFEAACCC AFAGT AT AFCT
T AGGEARGAT CTT GECT FARRAGACTT CTT ACFATT O GAAT CCCARCCTT O -~~~ ——————————————————— == TECCTEEAACCC AGAGT AT AFCTI
T ARGEAAGAT CTT GECT FARRAGACTT CTT ACFATTCC GAAT (OO~~~ - ————— === === ———————— = AAAFTCCTTGTCCCT FEAACCC AFAGT FAT AFCT
T ACGEAAGAT CTT GECT GARAAGACTT CTT ACFATT CC GAAT COCAACCTT O -~~~ ——————————————— === CCTTGTCCT G FAACCCAGAGT AT AGCT
T ACGEAAGAT CTT GECT GARAAGACTT CTT A0 AT T OC GAAT COCAR -~~~ ————————————————— == BAAGTCCTT T FCCT EFAACCCAGAGT AT AGCT
VT ACGGEAAGAT CTT GECT GAAAAGACTT CTT A0 FATT O GAAT CCCAAC T T~~~ =~ = —==————————————————— = TECCTEEAACCCAFAGT AT AGCT
T ACGEARGAT CTT GECT GARAAGACTT CTT AL EATT O GAAT CL -~ === === === == == = m o e e oo BACCCAGAGT AT 2-CT
T ACGEARGAT CTT GECT GARAAGACTT CTT ACFATT O GAAT CCCAACCTT CT A=~~~ === === === === mm = m o m o mm oo oo CAGAGT AT AGCTI
VG AFGGEAAGAT CTT 5T FARAAGACTT CTT ACFATT CC GAAT CCC-———————————=—————————————- ABAGTCCTTGTECCT FEAACCC AFAGT AT 2CT
VGT AGGGAAGAT CTT 50T GAAAAGACTT CTT ACFATT L GAAT CCC-————————————=——————--——--— B4 —-CCTTGETGCCT FEARCCC AGAGT AT AGCT
VGT AGGGAAGAT CTT 50T GAAAAGACTT CTT A0 AT T CC GAAT CCCAACCT -~~~ ——————————-———-—————— TCCTTETCCT FEAACCCARFAGT ZAT AECT
VGT AR GFAAFAT CTT 50T FAAAAGACTT CTT A0 FATT L FAAT (L0 -~ ———————————————————————— BAFTCCTT T FCCT FrAACCC AGAGT AT AFCT
AT ACErAAGAT CTT GECT FAAAAGACTT CTT A0 FATT OO0 GAAT DO CEACIT —— —— -~ ——————————————————— TCCTTETECCTFEAACCC AFAGT AT AFCT
AT ACEFAAGAT CTT GECT FAARAGT CTTCTT A0 AATT CCGAATTCCEACCTTOTA- -~~~ ————————————————— CCTTETECCTFEAACCC AFAGT AT AFCTI
AT aCEraAGAT CTT GECT FAAAC GACTT CTT A0 FATT CC GAAT DO CAACCTTO -~~~ ————————————————————————— TECCTEEAACCC AGAGT AT AFCTI
AT aCEraAGATTTT GECT FAAAART CTT CTT A0 AATT CC GAAT DO CEACIT —— — -~ ———————————————————— TCCTTETECCTFEAACCC AFAGT AT AFCT
AT ACEraAGAT CTEEECT FAARAGACTT CTT A0 FAAT OO GAAT DO CAANOTT -~~~ ————— === ——————m—mm oo CCTEAACCCAGAGT ZAT ACT
AT aCEraAGAT CTT GECT FAGAAGACTT CTT A0 FATT OO GAAT DO CAA—— - ——————— - —— CAGCATCGFErAAAGTCCTT T GCCT FEAACCC AFAGT FAT AFCT
T AGGEAAEAT CTT GECT GARRAGACTTCTT AL AATT CC GAATT COGAC -~~~ —— TTGCAGCATCEEEEARLGT CCTT FTECCT GEARCCE ARAFTHAT |
T ACGEAAGAT CTT GECT FARRAGACTTCTT ACFATTCC GAAT C-— -~~~ -~ ——- CA-TTHCAGCATCEGGEEAAAGT CCTT T GOCT GEARCCE ARAGT GAT AGCT
T AGGEAAEAT CTT GECT GARRAGT CTTCTT AL AATTCC GAA-———————————=——— TTECAGCATCEFEEAAAGT CCTTGTFCCT GRAACCC AFAGT AT AFCT L
T ACGEARGAT CTT GECT GARRAGACTTCTT ACEATTCCGAAT OO -~~~ -~~~ = -~~~ TECAFCATCFFFEAAAGT CCTTET FCCT P EAACCC AGAGT AT AFCT
T AGGEAAEAT CTT GECT GARRAGACTTCTT AL FATT CC GAAT COC-—— - ——————— TTFCAGCATCEFEEAAAGT CCTTGTFCCT GRAACCC AFAGT AT AFCT L
T ACGEAAGAT CTT GECT GAAAAGACTTCTT ACFATTCC G- AT COCAACCTTO - - ———— - GLAGCATCEAGEAALET CCTT T GOCT GEAACCOAGACTHAT |
T ACGEAAGAT CTT GECT GAAAAGACTTCTT A0 AATT OO GAAT COCFACCTT -~ - ———— - - CAGCATCEEGGAAAGTCCTTETECCTGEAAC CCAGAGT FAT Al
VT ACGGEAARAT CTT GECT GAAAAGACTT CTT AL AATT CC GAAT (O -———————————— - GLAGCATCGEEEAAAGT CCTTGTCCT -EAACCC AFAGT AT ACT
VT ACGEARGAT CTT GECT GARRAGACTTCTT ACAATT CC GAAT CCCEACCTT-—-———- -~ CAGCATCEEGGARAGTCCTTETGCCT GEAAL CCAGAGT FAT Al
VT ACGEARGAT CTT GECT GARAAGACTT CTT ACFATT CC GAAT CCCARCCTT-—-——-- -~ CCGCATCCT GRARAGTCCTTETGCCT GEAAC CCAGAGT FAT Al
VG AGGGELAFAT CTT GECT GARRAGACTT CTT AL FATT CC GAAT CCC- AACTTC-——— - TTAC-GATTCEEEEARLGT CCTT FT GCCT GEAACCE AGAFT HAT |
VGT AGGGAAGAT CTT 50T GAAAAGACTT CTT AL GATT CC GAAT COCAAL -~~~ ————— TTGCAGD AT CGFFEEAALET COTT AT 00T GEAALCC AGASFT GAT A6
VGT AGGGAAGAT CTT 50T GAAAAGACTT CTT AL GATT CC GAAT COCAAL -~~~ ————— TTGCAGD AT CGHFFEAC 6T CCTT FT 00T GEAALCE AGASFT GAT A6
VGT AGGFAAFAT CTT 50T FAAAAGACTT CTT ACFATT CC FAAT CCCAACCTTOT - ——————- AGCATCGEEFALAFT COTT GTFCCT GHFALCCC AFAFT AT A1
AT aCEFAAGAT CTT GECT FAARAGT CTTCTT A0 AATT CCGAAT CCCEACCTTO-— - -~ - —— - —— ATCEFEEAAAGT CCTTETGCCT G EAACCC AFAGT AT AFCT

T AGEEAAGAT CTTE5CT FARAART CTTOTT ACAATT OO GAATTOCFAC -~ ——— - ——— - ——




Results from deep sequencing

® 20% of ZFN-transgenic plants show deletions
e In these plants up to 40% of sequences have deletions
e No plants with 100% deletion

® Deletions found for all four Sbell alleles

® Large variability in deletion size, frequency within DNA
from individuals: chimerism

® Get rid of chimerism via different approaches
(gametes, in vitro regeneration, protoplasts)
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Sequence analysis

Regenerant #25-3:

3x Sbell alleles deleted: 5x, 2x, 6x bp deletions

Reference Coordinates

uncleaved
cloning + sequencing
of individual clones cleaved
Sfcl
270 280 290 300 310 320 330 340 350 360 370

ooy by by by e by by by s b e b Ve g Lo g e g b e b e b s b b b b g e

} Translate P Consensus

ATGTAGGGALGATCTTGGCT GALLA GTCTICTTACAATTCCGAATCCC GACCT[ICTACAG [TGCAGCATCGGGGALAGTCCTT TG LT RALC CCAGAGTGATAGCTCL

SBEIT-exZ fragment Fe27-E936. seq(iiz7iae —

P 75HF1E E0Z.
P 75HF1S BOL.
P 75HF1S CoOl.
P 75HFLS_HOL.
P 75HF1S_Coz.
P 75HF1S_EOL.
P 75HF1S_an01.
P 75HF1S_DOZ.
P 75HF1S_GO1.
P 75HF1S DO,
P 75HF1S_Anz.
P 75HF1S_FOZ.
P 75HF15_HOZ.
P 7sHF1S_FOL.
P 7sHF1E GOz,
b 75HF1S BOZ.

ahlil839)
ahlil>826)
abl(1>827) allele -1
ablil»820)
ablil4s477)
anl(l=807) S1talas - -
ahl(85>386]a”'e]e 2=
ahl[l>829)
abl (6>820) allele 3-
ahl[8>819)
ahl[l>829)
ahl[l>822)
ahl[l>5815)
ahl({1l»801) a”ele 4 -------
ahl[l>519)
ahl[1>782)
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atgtagggaagatctggcigaaaagqbicticttacaattccgaatecccgalCTICTACAGTTGCAGC atcgyqgasagccLgiycctgyaacccagaghgatagoto:

ATGTAGGGALGATCT TGO T AL GTCT I CTTACAL TTCCGALT TCCGACCTICTACAGT T GLAGCATCGGGGALAGTCCTT TGO LT RALCC CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGECT ZALLL GTCTTCTTACAATTCCGALTTCCGACCTTC TACAGTTGLAGCATC GRGGALAGTCCTT TGO LT RALCC CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGECT AL GTCTTCTTACAATTCCGALTTCCGACCTTC TACAGTTGLAGCATC GRGGALAGTCCTTGTGLC T AL C CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGECT AL GTCTTCTTACAATTCCGALTTCCGACCTTC TACAGTTGLAGCATC GRGGALAGTCCTTGTGLC T AL C CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGECT AL GTCTTCTTACAATTCCGALTTCCGACCTTC TACAGTTGLAGCATC GRGGALAGTCCTTGTGLC T AL C CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGGCT rALLL GTCTTCTTACAATTCCGALTC CCGRACCTTC -———- TTGCAGCATCGEGGARAGTCCTTGTFCCTGRALCC CAGAGTGATAGCTCI
ATGTAGGGALGATCTTGGCT rALLL GTCTTCTTACAATTCCGALTC CCGRACCTTC -———- TTGCAGCATCGEGGARAGTCCTTGTFCCTGRALCC CAGAGTGATAGCTCI
ATGTAGGGALGATCTTGGCT AL GACTTCTTACGATTCCGALTC CCAACCTTCTT--GTTGCAGCATCGRGGALAGTCCTTGTGLCTHGALCC CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGGCT AL GACTTCTTACGATTCCGALTC CCAACCTTCTT--GTTGCAGCATCGRGGALAGTCCTTGTGLCTHGALCC CAGAGTGATAGCTCL
ATGTAGGGALGATCTTGGCT AL GACTTCTTACGATTCCGALTC CCAACCTTCTT--GTTGCAGCATCGRGGALAGTCCTTGTGLCTHGALCC CAGAGTGATAGCTCL

ATGTAGGGALGATCTTGGC T rALLL GACTTCTTACGATTCCGALTC CCAACCTT---—-- TTGCAGCATCGGGGARAGTCCTTGTGCCTGGALCC CAGAGTGATAGCTLI
ATGTAGGGALGATCTTGGC T rALLL GACTTCTTACGATTCCGALTC CCALCCTT---——- TTGCAGCATCGGGGARAGTCCTTGTGCCTGGALCC CAGAGTGATAGCTLI
ATGTAGGGALGATCTTGGCTALLL GACTTCTTACGATTCCGALTCCCARCCTT -~~~ TTGCAGCATCGGGGARAGTCCTTGTGLCTGEALCC CAGAGTGATAGCTLI
ATGTAGGGAAGATCTTGGCTGAALA GACTITCTTACGATTCCGAATCCCAACCTT-————- TTGLAGCATCGGGEALAGTCCTTGTGLCTGRALCC CAGAGTGATAGCTLCI
ATGTAGGGAAGATCTTGGCTGAALA GACTITCTTACGATTCCGAATCCCAACCTT-————- TTGLAGCATCGGGEALAGTCCTTGTGLCTGRALCC CAGAGTGATAGCTLCI
ATGTAGGGALGATCTTGGCTGALLA GACTTCTTACGATTCCGAATC CCAACCTT—————— TTGCAGCATCGGEEALAGTCCTTGTGLCTGEALCCCAGAGTGATAGCTLI




RN

uncleaved

cleaved

Regenerant #18-4:
3x Sbell alleles with large deletions (49x, 145x, 141x bp deletion)

Reference Coordinates

Sfcl )

40 250 ZEN & 50 zan 200 210 2En 220 240 250 260 T 250 2490 4nn 41n 420 420

P Translate P Consensus

ThT R GATATAL TAAT . ThRATATAT FTAT (TARFhAL FAT L TT b ([ ThaAL: FTT TTETTAL 2ATTC [ FAATE L L AL ETl'ETAEAE-’*TE-EAE—EATE FELGARALTE CTT (T LT hAAL P AGA T RATAGI TE CT AT L TL AL CAGAL LAATTT A FTTT AL TRA AL AT T CAGARAATTL L CLAGTATL

FBEIT-me? Eragment FI2T-A936. seq (302721 — A tgtgadgatatadrtaatrtgatatatghat ghdgggdagatcttggrtadaaagerttcttaraattec gaateee gal CTTCTALAGTT R LALT at e 999933 g0 ERE QEQE CEQQAAE EEAJa gt gdta e CRE A EEEdd0Ag4EE bt gd qhtr ACEgd g0t Cagadd bt EECAghat.d

P 75HFLS_BLi.
P 25HELS_D09 .
B 25HFLS_ 204,
P 9sHELS_Cog,
I 95HFLS_GL0 .
P 95HELS_E09,
P 25HFLS_FL0.
B 7EHFLS_CLi.
P 25HELS_E09.
P 75HFLS_HLG.
P 5HFLS_ELD.
P 75HFLS D .
P 25HELS_F09.

abli15:-471) A i
aronn allele 1

ablil=425)
ausn gflele 2
ablil=?9g) - -0ttt
abl(1l-ETE]
abl(1l0x691) - -
m[z4>sv?]a][e[e-3-
abli(1+654)
aEL{L:6EL)
abl(?+641) Y Y

m[n>ssna-”-e-|-e-4- -
abli(1x677)

T A TATAL L AT T A TATA T TAT (AL AR AT T b b LT hAAAA LT TT L TTAL AT O L AT T L CE L LTI L TAL AL TT L AL AT G AR A LT LT CT L LT e hAA L LA LA LT R ATAL L T LT AT L TC AR LAAL LAATTT LA LTI T AL TRA CACATCTC CAARAATTL [ CLACTATL
ThT R GATATAL TAAT . ThRATATAT FTAT (TAR G AL FATC TT b ([ ThaAta FTT TTETTAL 2ATTC [ bAATTL C L CTT L TAL AGTT (L AGCATE FhkraRALTE CTT (T LT bAAL CLAGA T RATAGI TE CT AT L TL AR CAGAL LAATTT A FTTT AL ThA A AT T L AGRRAATTL L LLAGTATL
T LA TATAL L T T ThATATAT F TAT (TAL E AR AT T h G L ThAAAA CTL TT CTTAL 2ATT L L CART DI LA,
ThTAGATATAA L TAAT . ThRATATAT FTAT (TAF hAA FAT L TT F L Tr2AAA CTT TTETTAL 2ATTO L RAAT L L & - -
T AT AT A T T ThATATA T TAT (AL L LA AT T C L L ThAAAA T TI CTTAL AT L CLAAT I DO LA

- - FTLATAGCTE LT CATE [ TEAA LARAL LARTTT A FTT LA ThA AL AT T LARRAAATTL [ L LALTATE
CTEATAL LT LT AT LT AR L AAL L AATTT LA LTI L AL TRACACATC TE CALARAATTI [ CLACTATL

TrTARGATATAA L TAAT TRTTATAT FTAT (TAL FAAAATTI L LA GTATE,
TeTARAGATATAAL TAAT I TRTTATAT FTAT (TAR- - - FAARATTICCCALTATL,
ThTARGATATAA TAAT TR TTATAT FTAT (TAR- - - FAAAATTC L CAGTATE,

- =&AL AATTTRA LTI L AL TACAT AR T LAGAARATTI CLCALTATY,
- - AL AATTT LA FTTL AL TRAFAL AL T LAGAAAATTE O LA CTATE,
== AL L AATTTRA T AL TRA AL AGL T LAGALLATTE L CLAGTATE

-ACCAATTTLAGTTC AL T AL AL T LAGAAAATTE L CLAGTATE,
== AL AATTT A FTT AL ThA AL AR T O LA GALLATTE L LAGTATE,

THTAFAGATATA-
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Regenerant #51-2:
Deletion in all four Sbell-alleles! (3x, 4x, 9%, 88x bp deletions)

Reference Coordinates

cleaved

I~ fcl :

a0 zal 330 340 350 3a0 370

270 280 290 300 310

} Translate ’ Consensus

ARCTAAT CTGATATATGTATGTAGGGAAGATCTTGGCTGALLAGTCTTCTTACALTTCCGALTCCCGAC CT'TCTACAI}TI‘GCAGCJATC GEEGALLGTCCTTGTECCTOGALCCCAGAGTGATAGCTCL”

SBEII-exi fragment FZZ7-R936.seg(Z8>71é6 —

B 75HFLS FO4.
P 75HFLE_HOG.
P 75HF1E_DOG.
P 75HFLE_CO6.
P 75HFLS_HO4.
P 75HFLS GOG.
P 7EHFLE_GOS.
B 75HFLS EOG.
P 75HFLE_E04.
P 75HF1E_E04.
P 75HFLS_GO4.
P 75HFLS_E03.
P 75HFLS DO4.
P 7EHFLE_G0O3.
B 75HFLS HO3.
P 75HFLE_CO4.
P 75HF1S_EOS.
P 75HFLS_BO3.
P 75HFLS_COS.
P 75HFLS CO3.
_}?5HF15_D05.

aactaatcbgatatatgtatgtagydaagatctigycigaaaagtotbottacaattocgaatccegaC CTTICTACAGTTGCAGCatocgaaaytccbhytyccbyyaacccagagbgatagoctoe:

abl(1472) — 11 ~ [ —
abl{1l>664) alleleZ —
abl{l>477) -7 "3 4L —
an1(-269) Allele- 1 =
abl(l»838) -~ - —
abl (1x660) 114 iy ) —
abl {1670 a”ele3 —
abl(1¥668) - - —3
abl(1»727) -~ -

abl(l»727) -~ —3
abl(1734) -t —
abl(1»733) -~ —3
abl(1753) -t —
abl(1>706) - "o —3
a1:721) gllele 4 ——
abl(1»7258) -~ - —3
abl(l»580) -~ —3
abl(1x721) " ot —
abl(l»582) -~ —3
abl(1747) "ot —
abl(1»587) -~ —1
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AL CTAAT T A TATAT GTATGTAGG GAL GATCTT G TrALA L T T TTAC A TTCCGAAT CCCGAC CTTC TA-—-TTGCAGC AT CGFoGALLGTC CTTFTGC CTEFALCCCAGAGTGATAGCTCD”
ARCTAAT CTGATATATGTATGTAGGGAAGATCTTGGCTCALLAGTCTICTTACALTTCCGAATCCCGACCTTCTA- —-TTGCAGCATCGEGGAAMGTCCTTGTGCCTGALCC CAGAGTGATAGCTCL”
AL CTAATCT A TATAT G TATGTAGG AL GATCTT e TRALAL T T TTAC AR TTCCGAATCCCGACCTTCTA-—-TTGCAGCATCGLGGALL GTCCTTGTGC CTGFALCCCAGAGTGATAGCTCL”
ARCTAAT CTGATATATGTATGTAGGGAAGATCTTGGCTCALLAGTC TTCTTACALTTCCEAATTCCGACCTTC - - -~ GTTGCAGCATCGOGGALAGTCCTTGTGCCTFEALCC CAGAGT GATAGCTCL”

AACTAATCTGTTATATGTATGTAGGGAAGATC TTGGCToAAAGACTTCTTACGATTCCBAATCCCAACCTT - ——————— - CAGCATCGGGGAAAGTCCTTETECCTGOAACCCAGAGTGATAGCTCD
AACTAATCTGTTATATGTATGTAGEGAAGATC TTRGC TCAALAGAC TTCTTACGATTCCBAATCCCAACCTT- -~ -~ - CAGCATCGGGEALLGTCCTTETGCCTGOAACCCAGAGTRATAGLTCD
AACTAATCTGTTATATCTATGTAGGGAAGATC TTGGCTOALMAGACTTCTTACGATTCCEAATCCCAACCTT - ——————— - CAGCATCGGGGALAGTCCTTETECCTGOALCCCAGAGTGATAGCTCD
AACTAATCTGTTATATETATGTAGEGAAGATC TTRGC ToAMMAGAC TTCTTACGATTCCBAATCCOAACCTT- -~ -~ - - CAGCATCEGGEAMGTCCTTETGOCTGGAACCCAGAGTRATAGCTCD
AACTAATCTGTTATATGTATG — — — S CCAGAGTGATAGCTCC
AACTAATCTGTTATATCTATG — — — S CCAGAGTGATAGCTCD
AACTAATCTGTTATATGTATG —-- —-- —-- S CCAGAGTGATAGCTCC
AACTAATCTGTTATATGTATG — — — — ~CCAGAGTGATAGCTCC
AACTAATCTGTTATATGTATG -——- -——- -——- -——- ~CCAGAGTGATAGCTCC
AACTAATCTGTTATATGTATG — — — — ~CCAGAGTGATAGCTCC
AACTAATCTGTTATATETATG — — — S CCAGAGTGATAGCTCD
AACTAATCTGTTATATGTATG — — — S CCAGAGTGATAGCTCC
AACTAATCTGTTATATCTATG — — — S CCAGAGTGATAGCTCD
AACTAATCTGTTATATGTATG —-- —-- —-- S CCAGAGTGATAGCTCC

ARCTAATCTGTTATATGTATG
AACTAATCTGFTTATATGTATG
ARCTAATCTGTTATATGTATG

~CCAGAGTGATAGCTCD
~CCAGAGTGATAGCTCD
————————————————————————— CCAGAGTGATAGCTCC

uncleaved



Allele-specificity of ZFN

ZFN-4A ZFN-4B

cherlallele 2 TCCOGACC TTOTACL
eli-allele TCCCGACCTTATACL

GACCTTOTACL
GACCTTOTACL
TCCCAACCTTOTACL
TCOCAACCTTOTACL
TCCCAACCTTOTACL
TCOCAACCTTOTACL

This SNP was unintentionally Target sequence
missed in the ZFN design:
allele 1 less frequently targeted

Sbell-allele 1

Sbell-allele 3+4

allele 2 allele 1 allele 3+4
Expected deletion 25% 25% 50%
frequency
Observed plant #30 28% 6% 66%
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Conclusions

" ZFNs very useful for mutagenesis in polyploid species:
multi-allelic deletions are possible

" Transformation process used results in regenerants
chimeric for mutations:

® secondary regeneration is good option to fix
mutation

e But all in all
e too low chance of obtaining desired results,

® too expensive,
e too slow and thus - CRISPR/Cas9
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CRISPR/Cas9: Adaptive immune system

Virus DNA ( \\ Plasmid

. -l :"1
! L \
) | o
K\ Z DNA h ¢

Plasmid DNA cleaved \ S Pyogenes M_Z GAS
(1) Acquisition ‘ G@&

S
—
leader 109 8 7 6 5 4 3 2 1 &\
cas locus CRISPR array
@ Interference
@ Expression
"/ A

BIRIATRIRIRIRIR] gf%
O Pre-crRNA ~

Ty
Cas proteins T
ﬁﬁﬂ j ﬂ Virus DNA cleaved

crRNA



Resistance against powdery mildew in
tomato using knock down of S genes

The S gene Powdery Mildew Resistance 4 (PMR4,; encodes a
callose synthase. Silencing of the gene with the highest level

of homology by RNAi was previously reported to result in

resistance to powdery mildew in tomato (Huibers et al.,
2013).

Now proof of concept
with CRISPR/Cas9
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Mutation events in the T1 pmr4
CRISPR/Cas9 mutant lines.

2000 4000 6000

Exon 3

—————

SqRNAG Fw SgRNAS| SQRNA7 Rv e
PP Ll sgRNAL e

- S

- SRS SgRNAL SRNAT e

- Te-

Mutant allele 1of transformants Aand D

Lower allele of transformant D

TransformantB
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Pathogen characteristics on different lines

Per Appresorium Per Primary Haustorium Hyphae per Infection Unit
Primary Secondary

Genotype Primary ApperlU  Primary HR HS Secondary Hyphae HR SecondaryHs 1 2 3 4 5

Monaymaker 100 22 80 100 10 g5 20 g 30 42 0
Transformant

A 88 81.8 113 80 20 60 10 10 0 0 0
Transformant

B 96 91.6 479 95.6 52.1 478 16 e 26 2 0
Transformant

D 92 84.7 36.9 94.1 29.4 47.05 e 1 12 4 0
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Disease resistance test of several lines

Disease index (DI) score 13,15 and 17 dpi

Hl Average 13 dpi
" Average 15 dpi
B Average 17 dpi

CRISPR/Cas 9 works
as good as RNAI

Al A2 Ah D1 D2 Dh Nt B Nt R1 RZ2 MM

WAGENINGEN
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Targeted mutagenesis in Chrysanthemum

" “"DIYers play God at the kitchen table”
.... but not with Chrysanthemum.....

" Request from ornamental breeding companies:
e haploid inducer (haploid = halved genome size)
e target mutagenesis of CENH3 in Chrysanthemum

" Fundamental research project supported by 7 breeding
companies + Dutch government (Min. Economic Affairs)

WAGENINGEN 54
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Applications of (di)haploids

" Reduced genome helpful for:
e QTL-mapping
e Other genetic mapping and genomic studies
e Hybrid breeding (reverse breeding)

e In tetraploids: crossing of dihaploids with diploid
wild relatives

e cfc.

WAGENINGEN
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Ravi and Chen (2010): haploid induction
by CenH3-modification

" Centromere-specific histone H3 variant
e Centromeric histone protein
® Present in active centromeres, binds directly to DNA

® Chromosome segregation in mitosis and meiosis

Prophase | Qﬂ Metaphase |

Schubert et al (2016) Front. Plant Sci. 7:28.

WAGENINGEN
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CRISPR-Cas induced modifications of
chrysanthemum CmCenH3-NTT

no WGS

hexaploid!
available

two paralogs: | 2x6=12 ' W
CenH3A + x6=12 copies

CenH3B

contains 6kb
introns

400bp cds

® Protocol:
® design gRNAs targeting CmCenH3-NTT
® construct CRISPR-Cas-transformation vector

e introduce in plant by transformation

® screen for mutations

very active in
chrysanthemum

pCaMV35 is not]

strong genotype-
effect on success of

transformation

WAGENINGEN
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Chrysanthemum-CRISPR-Cas on kitchen table







Use to study role of genes involved In

e Homologous recombination

® Development spores (MSH4)

® \/egetative incompatibility

e Strain stabiltity

® Resistance/susceptibility to diseases
® Substrate degradation

® Fruiting body formation

...... and one of the first officially approved
CRISPR/Cas products in the USA (patent
protected)

WAGENINGEN
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Many different
constructs made and
tested with different
targeting signals and
promotors

Pol III promoters (SNRs)

PU6.1 MG guides

I 1ttt

PU6.2 MG

I 1

PSNR52 SCe

I 1ttt

PU6.1 AB
[ Yttt

PU6.2 AB
Yttt
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Pact Cas9 ™ H2B 14 TH3
I T
A Pafl
| I
Pact Cas9 ™ H2B 14  TH3
| T
B Pafl
| I
Pact I (acQ Y H2B 14 TH3
Pol II promoters (mRNA) [
. Pafl
PLectleader I guides I TH3 I
BN | .
PLec-leader
I I H2B 14 TH3
I |
PLec+leader
Rz R - Pafl
T N
PLec-leader
Rz R -
H2B 14 TH3
I . |
Pafl
E oo F ] —
| | KKKRK D




Cas9 opt: - Codon optimized for A. bisporus

- Cryptic introns removed

5' &S

cilcTtaaacaT - Constructs containing introns '(5" and 3')
Internal SS: - Based on knowledge obtained S.commune
C/T GGACTG/AACT _ Examp|eS: hAAT
Antibodies
3' 85
MnPeroxidase
CTAG
CnVS
45-60 bp GCB
8-10 % >GC exon GNTI & II
Laccase

Mannosidase
WAGENINGEN
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C

PU6.1 MG PLec+leader 1 I TH3
Ittt HN | 9 .
PU6.2 MG PLec-leader
[ Pttt I e
244 ot rene
[t I [ - p ’
PU6.1 AB PLec-leader
[ttt Rz -
PU6.2 AB
Ittt
Pact 1 Cas9 ™ H2B 14  TH3
[ | [ T
Pafl
[ [ I
PUG6.1 AB
I Transformants on selection plates
PU6.2 AB
(N S ¢ 24 transformants screened: No mutants
PLec+leader I I TH3
BN | 92 . Transformants on selection plates
PLec-leader
I - - N - 24 transformants screened: No mutants

Other constructs: cloning difficult
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Despite many attempts no mutants
obtained with CRISPR/Cas9 in button
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Two new oil crops, crambe and camelina

" Camelina sativa
(camelina, NL:
huttentut, deder)

" Crambe abyssinica
(crambe, NL:
Afrikaanse bolletjes
kool)

® Brassicaceae
" both allohexaploid

WAGENINGEN
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Changing oil profile, improving seed meal

® Reduction in poly-unsaturated fatty acids (PUFA)
® PUFA < 10 % desired
e higher level of C18:1, C20:1, C22:1 needed

e Target: fatty acid desaturase (FADZ2) should be
knocked out

® Co-products should be higher value (animal feed)
e elimination of anti-nutritional factors
® no glucosinolates, no sinapine

WAGENINGEN
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Challenges

" Multiallelic deletions required
® allohexaploids; A,B,C-genome
(but self-pollinators; 2-3 generations/year)
® Recalcitrant in transformation
e Camelina: floral dip of greenhouse plants
e Crambe: ‘in vitro’ transformation

WAGENINGEN
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Camelina: floral dip, DsRed as visual marker

" Optimized transformation protocol:
® 2-3% transformation efficiency
® 5,000-10,000 seeds/transformation; DsRed selection

WAGENINGEN
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Transformation with 355-Cas9 en DsRed

TO: flowerbud T2: high uniformity

T1: select seeds

transformation of transgene seeds
Mutations Accumulation of
accumulated in part mutations in somatic

pEC-Cas9 of somatic tissue tissue
Mutation

detection in
(end) T1

generation!

: Mutation
Changed oil .
. detection
composition? ,
(ongoing)
WAGENINGEN
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Outcome sofar in Camelina

" Many problems with creating constructs with measurable
activity

" Promotors seem to be very crucial
" Different guides in one construct seems to be a must
" Many different transformants in the making

® | iterature is available where mutants have been
obtained in this crop..... but not straightforward

WAGENINGEN
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Crambe: ‘in vitro’ transformation

" Supervirulent Agrobacterium stain AGIO
" Binary vector with - nptlII (kanamycin selection)
- Cas9 + gRNA (CRISPR-Cas)
- DsRed (visual marker)
‘In vitro’ transformation starting with crambe seedlings

e
A
B
—

: o Hypocotyl
WAGENINGEN 43
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Cotyledons

Cotyledonary nodes




Crambe: ‘in vitro’ transformation

" Crambe is very sensitive to kanamycin:

® low kanamycin selection pressure; alternating
cycles of selection/no selection: chimerism

e repeated chopping of plants and selection to get rid
of chimerism: subclones

e DsRed for manual selection of transgenic tissue

WAGENINGEN
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Kanamycin-resistant plants to greenhouse

Wild type Crambe

Selected Nr of Nr of subclones T1- +BstXI ;no digestion
transgenic subclones with mutations offspring -
event (TO) tested Glucs-allele ~ Glucs-allele
1 2 3 e 1 2 3
T1501-2-3 41 0 . . - —~ ®ow-
T1501-8-3 9 0
8-4 9 0
8-5 29 2 v T1501-8-5.3.1 (TO)
8-6 13 0
T1602-10-2 2 0
10-3 39 19 V
T1602-11-1 2 0
T1603-10-1 26 0
10-2 1 0
T1604-11-1 1 0
11-2 1 0 T1602-10-3.1 (TO)
11-3 1 0
T1605-10-1 1 0
10-2 1 0 L g 1. g
B . 0 - - -

WAGENINGEN
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16 primary TO-events > 2x resulting in subclones with mutation

45



Preliminary screening: sequencing of cloned
PCR products enriched for mutations

WT Glucs alleles

Glucs alleles
from TO- -
mutant sub-
clones

—

BstXI-restriction site
(CCAN®TGG)

190 Z00 zZ10 220 230 240 250 Ze0 270 280 290

CCAAAGACCGETCTCGCCAGCTTCCTCCT GG CCACCA-GLATGL ICCATCC TG AL CTTACCCGAACTAATGATGACTCGTCCWAGFCACARATAYTTC FACATT

W IN) =

L Y A A A A

CCAAAGACCGTTCTCGCCAGCTTCCTCCTORAL AL L AL LCCCATCCTCGGCAACTTACCCGAACTAATGATGACTC GTCCAAGGCACALATACTTC GACATT
CCAAAGACCGGTCTCGCCAGCTTCCTCCTGGACCACCA-GEATGGCCCATCCTCGGCAACTTACCCGAACTAATGATGACTCGTCCTAGGCACALATATTTC GAGATT
CCAAAGACCGETCTCGCCAGCTTCCTCCTOGACCACCA-GLA TGO CCATCC TG AL CTTACCCGAACTAATGATGACTCGTCCTAGCACARATATTTC FACATC R
CCAAAGACCGTTCTCGCCAGCTTCCTCCTGRACCACT GATGECCCATCCTC GG AL CTTACCCGALCTALTGATGACTCGTCCAAGGCACARATACTTCGACATTR
CCAAAGACCGTTCTCGCCAGCTTCCTCCTGRACCALT GATGECCCATCCTC GG AL CTTACCCGALCTALTGATGACTCGTCCAAGGCACARATACTTCGACATTR
"""" {GTTCTCOCCARCTTCCTCCTGRACDACT GATGECCCATCCTC GG AL CTTACCCGALCTALTGATGACTCGTCCAAGGCACARATACTTCGACATTR
CCAAAGACCGTTCTCGCCAGCTTCCTCCTGRAZCACK S BCCCATCCTCGGCAACTTACCCGALCTAL TCATGACTCGTCCAAGGCACARATACTTCGACATTR
CCAMAGACCGTTCTCGCCAGCTTCCTCCTGRACT L CCATCCTCGGCALCTTACCCGALC TAL LA TGACTCGTCCAAGGCACARATACTTCGACALTR
CCAAAGACCGETCTCGCCAGCTTCCTCCTRGACZACC A GLA TGO CCATCC TG AL CTTACCCGAACTAATGATGACTCGTCCAAGGCACARATATTTC FACALT
CCAAAGACCGETCTCGCCAGCTTCCTC I GaA L CAC A - GLA TGO CCATCC TG AL CTTACCCGAACTAATGATGACTCGTCCAAGGCACARATATTTC ZACATT
CCAAAGACCGETCTCGCCAGCTTCCTZCTRAC Al CA-GLA TGO CCATCC TG AL CTTACCCCAACTAATGATFACTCGTCCTAGCACARATATTTC FACALT
CCAAAGACCGETCTCGCCAGCTTC I CCPGGACZACCA-GLA TGO CCATCCTCOGGC AL CTTACCCGAACTAATGAT FACTCGTCCAAGGCACARATATTTC FACATT
CCAAAGACCGETCTCGCCAGC TTRCTCL TG CACCA-GLATGLCCCATCCTCOGGE AL CTTACCCGAACTAATGATFACTCGTCCAAGGCACARATATTTC FACATT

CCALLGACCGTTCTCGCCAGE CTGALCCACCA-GEATGGCCCATCCTCGGCAACTTACCCGALCTALTGAT GACTCGTCCALGGCACALRTATTTCGACATT
CCAMLGACCGTTCTCGCCAG) CCTAGACCACCA-GGATHGCCCATCCTCGGCALCT TACCCGAACTAATGATGACTCGTCCAAGGCACAMATACTTCGACATT
CCAMLGACCGETCTCECC CTCRTHEACCACCA-GGATGGCCCATCCTCGGCAACTTACCCGALCTAST AT GACTCGTCCALGGCACAMRTACTTCGACATT
CCALLGACCGETCTCGOZAGE FCTGLACCACCA-GGATGGCCCATCCTC GECALCTTACCC GAACTAATCATGACTC GTCCAAGGCACAMLTACTTCGACATTL

T1602-10-3.1 (TO): 5 bp deletion
T1501-8-5.3.2 (TO): 1 bp insertion reading frame-shift

T1501-8-5.3.1 (TO): 1 bp insertion in allele 1

WAGENINGEN
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T1-offspring: screening for homozygous
mutations, glucosinolates, selfing

WAGENINGEN
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Summary

" Targeted mutagenesis is possible in various crops
" Multi-allelic mutagenesis can be achieved in polyploids

" Limited species-specific genomic info complicates
application of targeted information

" Fine tuning required in many systems; promoters, signal
sequences, guides etc

" Effective transformation protocols for delivery are
required

" Different legal status in many continents (US clear,
Argentina new technique but clear regulation, Europe
uncertain)

WAGENINGEN
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