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Application of Targeted Gene-editing
Tools to Floral Crop Improvement
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« Limited genetic resources & random mutagenesis > =X
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Cheaper NGS, but many genes expressed>d &5t RH X} 7|5 &M
Segregation hotspots-> targeted homologous recombination
» Making all these in NON-TRANSGENIC manner

%%w

Chen et al(2019), Ann Rev Plant Biol 14:44
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Genome editing (4-6 years)

Genome editing using nuclease can do all of these



QE FHX} HE7|= (Genome Editing)

- Method of the year 2011
- Engineered nucleases (ENS): 8Kl EA |XIE UoI=5 O X2

- HM=ZY(cleavage event on genome): EM SQEIIE IS H WA

naulre\metﬁdélé W 2010 uvene

fentists and chemists

By John Travis

u
Making the cut
CRISPR genome-editing technology shows its power
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Nuclease
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DNA Binding Domain
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ZincFinger DNA-
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« Source: ZI28AM|Z2| DNA ZT =0l

« DNA Binding Module(3~5702 4.
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J. Boch et al. Science 2009 '
M.J. Moscou et al. Science 2009




QS XX} 719 S5 EA-CRISPR/Cas

* 3rd Generation Engineered Nuclease (RNA-Guided ENdonucleases,
RGENSs)
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d Evolution of CRISPR/Cas9

* Genome editing in human cells
* Simplify tracrRNA:crRNA duplex with sgRNA
* Transcriptional editing with dCas9

(Cong et al; Jinet et al)

CRISPR is an adaptive T
Immune system
T Cas9 creates DSBs Permission to use CRISPR
Similar CRISPR In gNA via CrtR'\:AS in human embryo
repeats in microbes ( amefi‘_u etal) (Nmsz et al)
1993 2003 2010 2013 2016
1987 2002 2008 2012 2014 2017
1% CRISPR array in E.coli Programmed CRISPR (bacteria) Genome editing in vivo
(1shino et al) targets DNA sgRNA library for screening
e Genome editing with cpfl
Given a name of CRISPR (Zetsch et al) Coengi-nbeering
Discovery of Cas genes
iscovery g ) - . Cas9 and
Using CRISPR-Cas9 in bacteria carrier
Propose the concept of sgRNA hanoparticle

for efficient
gene delivery
(Mout et al)



QCRISPR/Cas9 &H& 7| %t

» tracrRNA forms duplex with crRNA in association with Cas9 (Deltcheva et al., 2011)
» Biochemical mechanism of Cas9 mediated cleavage(Jinet et al., 2012)

. . A Programmable Dual-RNA-Guided DNA Endonuclease
SC]@H(.E e in Adaptive Bacterial Immunity
17 Aug 2012:
. Abstract
Qur study reveals a family of ;
endonucleases that use dual-
RNAs for site-specific DNA
cleavage and highlights the
potential to exploit the system
for RNA-programmable genome
editing.
Foreign DNA Target DNA  PAM
( =]
Acquisition \
Bacterial genome CRISPR loci
- Sa-nE | : | |
tracrRNA  Cas9 Cas genes crRNA crRNA crRNA
—r = [ -
tracrRNA Primary lray
crRNA \ _I- -_I —
biogenesis = -
tracrRNA-Cas9-crRNA complex ( | _l
‘ . Cas9
¥
Interference Inactivation of foreign DNA J
=
Foreign DNA =
+
Cleavage

Arora & Narula, 2017

CRISPR-Cas9 in work G
Cas9 + gRNA = Nuclease + guiding RNA R
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= —
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- Adapted immune system of E-coli and Archaea

1. 85 Cas proteins O O '
O O Plasmid DNA i 3. &l
O \ / or Virus DNA 1
tracrRNA . ' pla\?m.'d [?NN:
-1— or Virus
« cas locus CRISPR E
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Bae et al., KSBMB news (2014)
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Double strand break

Non-homology end joining (NHEJ)

Insertions/deletions
gene disruption

Template
Pl iy g i i gl it ‘\,\ e
Homology-directed repair (HDR)

., V.

' AdIi(2018), Nat

Precise DNA editing Commun 9:1911

gene insertion



Q47X| HEH2| tHO|HEl(ie, diploid)

Desirable Types of

. Gene KO
Al A ARA THA T
Gene
Editing

Heterozygous Biallelic Homozygous
No Mutation No Mutation Mutation Mutation Mutation




DN

A Extraction of pooled cells

A

|

* PCR of gene
edited

* Denatured & Re-
annealed

 Denature &
Randomly
rehybridization

* Heteroduplex
cleavage by RE

Mismatch
Cleavage
Assay

Sensitive
Not quantitative
No Indel Seq. Info

Amplicon
sequencing

\

* Sensitive

* Quantitative

* Indel Seq. Info
* Expensive

* Complicated

Next Generation
Amplicon
sequencing




aQ Mismatch Cleavage Assay-Surveyor, T7E1

TALEN/CRISPR induced NHEJ\
.TALENIGRISPR

DSB

Cell population

DI,
COCOED

Genomic DNA
amplification

wi

—, Indel mutations

-/

‘ Denature & re-anneal

T7 endonuclease | Mismatch cleavage
cleavage

https://www.genecopoeia.com
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WT graph?


Q Validation Strategies-Biallelic & Homozygous?

Sanger sequencing: Frame shifts=Gene Knock-out

Cas9
M  WT protein NR6 NR6'
T7E1 () B TAGAAGTTACCATGGATGGAGGAGAG-ACATGGAATGTTT
G G S —— TAGAAGTTACCATGGATGGAGGAGAGAACATGGAATGTTT
200— TAGAAGTTACCATGGATGGAGGAGAGTACATGGAATGTTT
100— TAGAAGTTACCATGGATGGAGG-—--ACATGGAATGTTT
Cas9 TAGAAGTTACCATGGATGGAGGAG--ACATGGAATGTTT
M WT protein  NR6 NRE' TAGAAGTTACCATGGATGGAG----ACATGGAATGTTT
T7E1 ( +)i_ ] TAGAAGTTACCATGGATGGAGGA---ACATGGAATGTTT
] MW TAGAAGTTACCATGGATGGAGGAGA--ACATGGAATGTTT
— T -(_-_M TAGAAGTTACCATGGATGG---—-ACATGGAATGTTT
200— » < TAGAAGTTACCATGGATG------ACATGGAATGTTT
100 : TAGAAGTTACCAT Grrevreeeeeee GACATGGAATGTTT
Indel (%) 20 18 41

Whole genome deep sequencing

Ny Tawvrmamoa® MYEE T = e ®
vn fargex VIT 1argex

=il

vim  \fe——

|

Frame-shift




Q Validation Strategies-Biallelic & Homozygous?

H . Estimation of mutation rate in NR gene sequences in non-transformed
and NR-RGEN transformed Petunia protoplasts by targeted deep sequencing

Protoplast ~ Wild type-transfectants Cas9 protein-transfectants NR-RGEN transfectants
samples : - -
Total  Indel Indel Total  Indel Indel lotal  Indel Indel
frequency frequency frequency
(%) %) (%)
_ ( )
NRI 45,168 3 0.01 35735 9 0.03 53,898 2854 15.30
NR2 52,699 20  0.04 52773 24 0.05 71,103 8688 |12.22
NR3° - — - - - - - - -
NR4 29,653 4 0.01 36,003 9 0.03 40,670 4392 | 10.80
NR5* 34842 4572 13.12 22,547 6118 27.13 23,754 8241 [34.69
NR6 34024 131 039 28372 39 0.14 35,095 6256 | 17.83
Average® 0.11 0.1 0.06 £ 0.02 11.5 +£2
|\

1506 1348
4128 4560
1537 2855
2025 6216
1107 5149

2069.5 £ 536.9 3478 + 666.6

mutations in 4 sites(4 out of 6) were confirmed at the frequency average of 14.9 + 2.2 %
by deep sequencing

Subburaj et al(2016), Plant Cell Reports 35:1535




QA EX7e MEHE

TCTT ACAACTAAA r{ TTTAGTTGTAAGA
AGAATGTTGATTT W

*not exp. confirmed yet
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Mediated DINA
Transfection
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Regeneration

Protoplast

Tissue Culture

Callus
Induction

Germination

Selection for Genomic Modification and

Mahfouz & Li(2011), GM Crops 2:99-103



Q3 basic points for CRISPR design

Exon-intron junction (eLife 5:e13450, 2016)

* Propeties of DNA Sequence
e PAM distance
e Chromatin remodeling enzymes
GC Content 40-80%
Length 17-24 base pairs
Potential off-target effects 17-24bp
e Position of the mismatch
e Number of mismatches
e Sequence of gRNA
 gRNA concentration
Webtools
e (Cas-designer (www.rgenome.net)
* sgRNA designer(Broad Institute)
e Biotools

Relative cleavagerate

Cas9 9
1 3 6
80 bp 601 nuclleosome 80bp |312bp

target 2 dyad e ?

sites : i

upstream  entry core exit downstream
linker site site  linker
trget 1 ER
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1
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— 1
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50 100 150 200 350 300
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http://www.rgenome.net/
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PSY CHYB Or PYP1 CHRC Watanabe et al (2018), Transgenic Res 27:25



0 E2LIOt Flavanone 3-hydroxylase (F3H)

. OFEA|O}LI A#BHA © F X}

T =
Phenylalanine

! PAL
I cam
: 4CL
! CHS

LY
Naringenin chalcone

CHI
FNSIL, GT

Naringenin Flavones

F3H

F3'H F3'S'H
DHK —>DHQ ——3 DHM

PO

Anthocyanins
A
LB RB
NeTil E@» pcoCas9 = m’ :
TiF3H 12 3 120
sgRNA B 2
] 100
B : :
— 1#lExon ——  2@Exon }—{ 39Exon }— 3 08 - 8 80 |
c c
& £
— £ o0s % 60
100bp )
] £ w0
TIF3HU? R & 041 @
[ATGGCACGAGCAGGACCACTAACCCTAACTTCGCTAGCGCTCGAARRA 02 . E 20 -
TCGCTGCATGAAAAGTTTATAAGGGACGARGACGARRGGCCTAACTTA 5 .
GCATACGATCAATTTAGCAGTCAGATTCCATTGATCTCTCTCTCTGCE 0440 a0 430 00 520 540 560 580 600 " GV No.5 No.9 No.10 No.19
ATTGACGATGACGACGATGAATGTAATARGAGGAAAGATCTGTGCAAG Wavelength (nm) Transgenic lines

AGAATAGCGCAAGCATGCGAAGATTGEGGTATTTTTCAAGTGATCGAT
PAM

CATGGGATCGATTTGAAGCTCATCAACGATATGACTCGTTTGGCTCGT

GAGTTCTTCGATCTGCCCGACGAAGAGAAGCTGAGGTTCGATATGTCT

F3H-KO mutants & chimeric (mosaic) plants

< Nishihara et al (2018), BMC Plant Biol 18:331
TF3HL3T1



A Chrysanthemum Transgene (CpYGFP) HE

Visible

Fluorescent

« Marine copepod (Chiridius poppel) yellowish-green fluorescent protein
» Agrobacterium tumefaciens strain EHA105

CpYGFP-
chrysanthemum

10

Kishi-Kaboshi et al., Plant Cell Physiol (2017)

A

(

CpYGFP

- —
e |
26..45

2

#3

Ha

- - -
"z #3 #Ha

96..115 254 2T3 563..582

CEACTOCOEEATOCATEECARCCTCARCEEGEER
GCTCAGGOCCTAGGTACCOETTEEAGTTGCCCCT

GETCGCCTCEAGAT TGAGATGARMGACTAR BRGAT
CCAGOCEEAGCTCTANCTC TACT TCTGATT ICTA

CAACACCAGEGANGEAGATCTATGANRGACGEOGEE
GTITGETGETCCTTCCTCTAGATACTTCTGEGCCGECC

GEGECCCATETTCACCCACAGACGTETCGAGGR
CCCOGEETACALAGTEEGETGTC IGCACAGCTCCT

Template DMNA  Control CpYGFP

sgRMNA  Control #1  #2 H#3 H#4 &4
Casg + - -+ -+ -+ + -

pDeCas9_ _Kan-CpY GSFP

LE

Target #2 Target #3
sgRMNA sgRMNA

RB

EH—WTI—M_HI_:X H :>(—|i|-unpf i
1 |
PolUibi pro | AtUE pro AfUE pro nos pro

pealAa-T

nos-T



A Chrysanthemum Transgene (CpYGFP) T 7

Callus (3-4 months)

Callus Mutation type
-2 (x2)
=7 I X1)
Futat iocn
Callus no. PAM Target #3 type
WT CEREACE st G000 0 e T T AT AN A SO G O A T T e A T AN T T OO T TACAC T TAD GACSTTCANCAREL TN
Z28,29,30,35,40 CoanC A - S A A T T A T A CATC T TEEAGETCAR T T TG T TACACTTACGAETTCORACRAGAT A -1 (X 10)
53 OB, el - — - ACGR T TCTATGARCAC G SCGECATCTTGEGAGGTCALCT TCOSTTACARCTTACGASTTCARCARGRATOR -3 (1)
26,40 CARRCH Y, - AT AT AR S AT T T A TCAR T T OO T T ACAC T TACCAS T TCOARACEPACATCR = (>3]
40 ChACh el e — e ————— - - - - - —GATCR -66 [ M®2)
113 bp
Callus
no. f, P AN Target #3
WT ACCARRTR SEARCCACATC TATCARCGAC G CGCCATC TTGEAGCETCAACTTCOETTACACT — fif— CoCAARMGTCAGARCTCOEZATCTTCARGERACRCT
29 ACCHS - —NESEC L BrPCAGAGTCCGATCTTCARAGG - - - - - - - - - ——-&ACACT — f— CoCaAGTCAGAGTCCEATCT TCARGGEGATECS
Mutation type: -53, +21 (=x2)
R ",
B Callus (9 months) C Shoot
Callus Mutation
no . PAR Target #3 © -
WT CRAC GOAAGOAGATCTATGARGACCCCCS 0 Shoat Mutatlion
= I no .- PAM Target #3 Lype
27,29, 30,48 CanCD - SEARCATCTATERAGRCEZECEGE -1 (= 4] ¥
29 CARCR — e ACATCOCTATOARACSACIIECEE -4 (1) WT CARDC GEARGEACGATCTATEARGRACGEIES
26,28 canchoems. . AGATCTATEARGACCCCED -5 [ X & 47-1 CAAC GGA-GGAGATCTATGAAGACGGCGG -1 (X 14)
48,49 ChACHhelefNS - — - — — — — — — CTATGARMGACSGOEE -9 (xX2)

Table 2 Shoot regeneration rate and mutation frequency in CRISPR—CpYGFP-chrysanthemum

Plant used for No. of No. of Shoot  Vector Mutation Target #2 Target #3
pDeCas9_CpYGFP leaf regenerated ID insertion  frequency” No of clones No. of clones Mutation type
transformation sections  shoots
CpYGFP- #2499 2 431+ 0/19 (0%) 0 0
chrysanthemum 46-1 + 0/16 (0%) 0 0
#10 499 2 471+ 4/39 (103%) 0 4 -1 (x4)
6/40 (15%) 0 6 -1 (x6)
440 (10%) 0 4 -1 (x4)
49-1  + 0124 (0%) 0 0

Non-transgenic 9 74 31/38° ND ND ND




d Crop plants and genes targeted with CRISPR/Cas9

Plant species Nudease delivery system Transformation method Target gene Trait achieved References
O.sativa Purified nuclease protein PEG mediated Protoplast transf bacterial blight susceptibility S gene Blight resistance Jiang etal., 2013
ection (OSSWEET14)
O.sativa Plasmid vector mediation Agrobacterium tumefaciens-me insertion  of mutant  acetolactate Resistance to  sulfonylurea Endo etal., 2016
diated transformation synthase (ALS) template at the ALS herbicides
gene
O. sativa Plasmid vector mediation Protoplast transfection ERF transcription factor  gene Resistanceto blast disease Wangetal.,, 2016
(OsERF922)
S. lycopersicum  Plasmid vector mediation Agrobacterium tumefaciens-me Argonaute? (SIAGO7) Loss of ALIAGOY leads to Brooksetal, 2014
diated transformation. needle like or wiry leaflets
without petioles
L.sativa Purified nuclease protein Protoplast transfection Brassinosteroid Insensitive 2 (BIN2) Wooetal,, 2015
gene
N. tabacum Plasmid vector mediation Agrobacterium tumefaciens-me phytoene desaturase (PDS) and PDR- Plantlets with etiolated leaves Gaoetal., 2015a
diated transformation. type transporter (an ABC transporter (PSD mutation) and more
involved in strigolactone transport) branches (PDR mutation)
genes
N. tabacum Plasmid vector mediation Agrobacterium mediated direct i Tomato yellow leaf curl virus (TYCLV)  Delayed or reduced Alietal., 2015
nfitration into leaves accumulation of viral DNA
A.thaliana Purified nuclease protein Floral dipping method Auxin binding protein 1 (ABP1) No defects in auxin response Gaoetal., 2015b
and growth and
development.
A. thaliana, Plasmid vector mediation Agrobacterium tumefaciens-me beet severe curly top virus (BSCTV) Inhibition  of viral DNA Jietal., 2015
N. Benthamiana diated transformation. accumulation
P.trichocarpa  Plasmid vector mediation Agrobacterium tumefaciens-me Phytoene desaturase gene 8 (PtoPDS)  Albino phenotypes Fanetal, 2015
diated transformation.
P.trichocarpa  Plasmid vector mediation Agrobacterium tumefaciens-me 4-coumarate:CoA ligase (4CL)gene  Wood discolration due to Zhouetal.,, 2015
diated transformation. reduced lignin content
B. oleracea Plasmid vector mediation Agrobacterium tumefaciens-me gibberellin biosynthesis pathwaygene ( dwarf phenotype Lawrenson et al,
diated transformation. GA4) 2015

Subburaj et al., Hortic Environ Biotechnol 57:531 (2016)



(] DNA-free RNP-mediated mutagenesis in petunia protoplast

LYY

In vitro seedlings

v

NR-sgRNA

| e
Pt Ty T, PP
Enzyme treatment Cas9-sgRNA
"W ai’s (RNPs complex) )
Isolation of Protoplasts Transformation Protoplast Genomic DNA

Transformants extraction

Mutation Forward primer
frequency % - _ < )NR_GEN

-—
T7E1 Assay Reverse primer

i

GFP expression analysis

target regions

” Cloning of

Mutation W '\
rate % ' [

130
TCTGGTCTTATTTCC

TargGetTdeep sequencing

Subburaj et al(2016), Plant Cell Reports 35:1535



d Plant

1. Select a material(plant species, tissue)

[«

2. Make the slice or wound to the tissue

- %,

3. Immerse into enzyme solution
(2h~6h ; 40~50 rpm)

- Plant species
ex) Cucurbitaceae, Poaceae

- Tissue
ex) leaf, hypocotyl, cotyledon, callus

Enzyme solution

: Optimized mixture composed with

different kind and gradient of

cellulase, hemicellulase, pectinase for

the material.

4. Purify and washing the protoplast

rotoplast isolation and culture protocol

Sieve

(pore size :

B A\

Digested material

/ Repeat 2,3 times

Remove
supernatant
Centrifuge pellet
(low speed, 5 min.)
Centrifuge

=

washmg buffer(WB)
or

cell and protoplast washing(CPW) @

(low speed, 5 min.)

solution Dilution by pipetting or
(10~20 ml) spinning the tube softly
5. Adjust cell density and culture the protoplast into media n

culture media with the volume

for adjusting cell density to 2*10-
cells/ml (appropriate density for

mm) | JL—

Dilution Pour 2ml solution into petri dish



A Plant Erotoelast culture-B. oleracea ‘capitata’

* Genotype-dependent viability and cell division

* Media-dependent regeneration (0.1 mg/L 2,4-D +0.2 mg/L zeatin+PSK)
* Cellulose regeneration completed in 72 hrs of culture

Factor

Shoot regeneration (% +
SE)

Calcofluor staining

24 hr culture ——
P

-
C

Accession
Kamienna Glowa 5.6+0.9 b
Stawa z Golebiewa 4.44+1.0 b
Oregon 123 0.0+0.0 C
LM 96+1.5 a
LM98 2.5+09 b
LM153 11.04+1.2 a
Regeneration medium
MS 2.9+0.8 c
MS +0.1 uM PSK-a 10.2+1.1 a
B5B 1.5+0.4 c
B5B +0.1 uM PSK-«a 7.5x+1.2 b

. ol e
\ 3 M
R e
(3 3 E 2
(52

Kielkowska & Adamus(2018), J Plant Growth Reg



EITarget flower color gene F3H in Petunia

, , Anthocyanin Biosynthesis
» Petunia has diverse flower colors

as a model plant In tissue culture oo AT+ oy con
has the promlsmg research vaIue pCann| oA
GTRERR. < N R n fcris)

e Y e - 2 . - Chalcones

oH 0
Tetrahydroxychalcone

s
Flavanones ;

oH o

HO,

m;—;ﬁg.‘_ Dihydroflavonols

F3'5'H Sl 3 H

« The anthocyanms confer a diverse Diw:ro;yriceun Dhyrokaempterol  Diyaroquercetn
range of flower colors from pale = o
yellow to blue-purple.

« Mutate F3H gene for mOd|fy |Leucoanthocyanidins m‘:ﬁ w w \Qgﬁ
flower color.(F3H: Flavanone 3- Sy H BT B3
hydroxylase)

Anthocyanidins

Delphinidin Pelargonidin Cyanidin Lutealinidin




J Optimization of protoplast-based GFP delivery

Enzyme digestion
d e — e

Colony mduction Shoot induction

In vitro seedlings
(3weeks old)

[y )

Protoplast Callus induction
collection

-

* 40% PEG concentration

 Incubation in room temperature for 20
min.

» GFP transformation efficiency ~40%

PEG-mediated plasmid PBI221:GFP transfect petunia protopla
st in fluorescence microscope. A: Transformed protoplast in

white light. B: Transformed protoplast in green light. C:
combined A and B.
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3 Protoelast-derived CRISPR mutants

WT ‘Madness Midnight’ (Purple)

-

Mutant P4C4 [pale purplish pink (RHS 69D)]
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A GMO vs. non-GM (DNA-free)
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Immadiate genoma editing
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no trace of foreign genetic elements |
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Plant cell

»Genome editing complex is degraded in the recipient cells



발표자
프레젠테이션 노트
WT graph?


Q CRISPR allows CRops for Ideal Seed PRactice!!

Ecology & taxonomy:
Pollination syndromes

Self-Incompatibility N _ Speciation/adaptation
by
: f%
Genetics of _ Y i \ Petal senescence

floral development

Petunia transposon Floral pigmentation
biology & technology

:“‘ . A
< Pl
Floral Volatiles
Genetics of +—

inflorescence architecture 1 _l Genetics of branching

Biotic and abiotic stress

Mycorrhiza—plant

: 2 Adventitious root
interactions

formation

Vandenbussche et al(2016), Fron Plant Sci 7:72
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