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What is CRISPR/Cas9?

NEWSFOCUS

> Evolved bac’rer'lal immune sys’rem CRISPRI
» Developed as genome-editing tools
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CRISPR/Cas9, Prokaryotic adaptive immune system
Clustered  CRISPR (2007, Function)
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CRISPR: Programmable DNA Scissors

M AR

A Programmable Dual-RNA-Guided
DNA Endonuclease in Adaptive

Bacterial Immunity

Martin Joek, ' ln(m-! ChyBaski,*** Iney n-um Michae! Hawer,”

Jesnifer A. Dowdn,

t Emmanoelle Charpentier, b4

Cuusstered regulady lnterspaced shoet palindramic repeats (CRISPRVCRISPR-asseciated (Cas) systoms
provide Sacteris and archaes with adeptive inmunity agaiaet vicsses and plamids by wing
CRISPR RNAs (crANAS) 99 guide the silencing of ioveding nudielc acids. We show here et n 2
subset of Dese sysems, the matuwe RANA 1hat & dase-paied 0 trans-aahvating ORNA (tracrANA}
forms 3 two-RALA structere that directs the CRISPR-amsociated protein Cs9 to Wmtroduce
dosbie-srasded (49 breaks b target DNA. AT sites complementary 20 the ORNA guide sequence,
the Cax? WNH nacleawe domais cleeves the tomplementary strand, wherem the Cas? tu-like
domain cleaves He noncomplementary strand. The duat-wracrANAXRNA, when engleecred 25 3
sngle ANA chimens, slso divects sequenceapacific Can9 hDNA cleavage. Our study revesh o
family of endenucieases Mat ese oual-RNAs for shie-specific DNA cleavape and hightights the
potencial 2 exploit the systees for ANA-programmable genome editing.

acteria and archees tave evolved RNA
B madined adopive deferse sysisees calied

chustoad regulety intengaced shot pal-
indorese repests (CRISPR)CRISPR-associand
(Cas) that proscct copniars from mading vi-
ruses and plasimads (/- 1), These defonse sysierms
rely oo sooall RNAs for soquence-spocific de-
tection and slencing of foreigs suckeic aclds.
CRISPR/ Cis stystesss are comsposad of cur geves
orgearioad n opeson(s) d CRISIR srods) con-
siting of peaome targeting sequences (calied
spacers) interspervad with sdenticad repeats (/)
CRISPRCas-moedieted immmndty ooours in teee
vy o e adiptive phase, bacteria end achass
heebaring ene or moss CRISPR oo respond 0
virel or plearid challenge by imtegrating short
fragments of foreign sequence (protospacers)
Ie00 the host chromosome ot the prosimal ead
of e CIRISPR sermy (7-3) In the expresiicn and
Innerference phases, Feescnpion of Be repee.
wpacer chemem imo precussor CRISFR RNA
(pre-arRNA) molecubes foliowed by enzymatic

Homed Hoghen Mediial batbe (4L Unirsty of Gt
Sords, Becuien, CA 028 USA. “Degaras of Manody
ot (ol Sology, Umwerwry of Cablorw, Bertouny CA M0
USA W F_Ree aboreiodes GUFPLL Uwarsty of Vv,
AL0D0 Vieraws, Aver "The Labooatry for Molscular inder
2on Vecktw Sanden, Ussed Crrte & Mt Sowanch,
Deputment of Mlnoulsr Sobogy. Ul Desesite, S48
Ursed, Sovnchon. “Dopomene of Oy, Undveecty of O
Sorvn, Sedrley, TA T4I20, USA. “Pryical Shontiencos Db
shon, Liwwwnce Serininy Matonsl Ltwatory, Berialey, (2
0 A
“Thew samon canirbeted sgealy e sk
hewest adchma Fletech MBacher refake for Swrwdcsd
sy, 458 R, Seiperiand
7o Won rorwpondency wauld te addvued et
Satnagyberbeiey.ad (LADL enrsarnd ke hursentieng
wiwiws @ (50)

cheavage yiclds the short crRN As et can pair
with complementary protospacer seguences of
invading virsl or plasmid targets (4-/)). T
Pt revogninon by ofNAS deccts Bhe siknong
of the forcign saquences by mess of Caa pro-
teins hat fimcaon In congiex with Be ar®@NAs
(19, 12-2m),

There are furee types of CRISPR Cas systenrs
(25-27) The type | asd 1] systesss shase sooe
oversrching featerer wpecadiond Cas endo-
machenses process the pro-arRNAS, and onoe matee,
wch TRNA asambles im0 & bepe multi-{Cas
proscsa complex copeble of recognizing and
dewvieg suclei asids cmplencntery 10 Be
GRNA. I contrast, type 1] systerma proces pro-
GRNAs by & Efferert machoien n which o
trarm-actrvatng criUNA (racr®NA) complemen-
tary 10 the repeat saguences in pre-crRNA wiggers
processing by the double-stranded (ds) RNA
specific ridosuciease RNase 11 s fe presence
..rm Cas® (formerdy Canl) proten (fig. S1)

). Casi » thougle 1© be the sole protein
W fir GRNA-guidad slencing of Sor-
ogn DNA (25-27)

We show bere that in type (1 sysieess, CasS
preteing condinuie & Seridy of srymes thal ro-
qeire & huse-pairad structure formed betwess
the acsvating tracritNA and the tageting TRNA
10 cheave targen SSDNA. She spectfic dieavage oo
s 1 looions detonnnad by both hsepeiring
complancatity boowom the CRNA and the us
968 protospacer DNA snd & shont mosf [refomed
10 38 e procospecer adacant mosd (PAM])] six-
taposed 10 the complementary region & Be tar
ot DNA. Our study further domonseates that
the Cas endonuciesse Reruly can be
with érgle RNA mokecudes 1 cleave specific DNA
wns, thareby ning the excting possbdiy of

developmg & smple aad venatile RNA-Grex
Sysoom 10 geecraie SONA heeaks for geno
Legeting and ediing,

Cas? is » DNA endonuciesse guided
wo RNAs, Cast, the hallmmark peotetn of type
systoms. has boer hypothosized % be invol
i both CrRNA ssatusation and rRNA-guide
DNA mterfererce (fig. §1) (4, 25-27), Ca9
mvolved i crRNA matiration (4), bt its diseg
panticipasion in target DNA dastruction Ras no
been imvestgmed. To tost whether and how Cas
might be capeble of wrpet DNA cleavage, w
usad @ overexpresdon sysem b porify Cas

a fiveloM ssolar escess of substane DNA prs
vided evidence tut the dad-RNA- padal Casf
» & maltiple-sumover enyme (fig. SA1). In
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The History of CRISPR systems

Function 2011 2015
2007 tracrBNA forms a duplex structure DNA-free,
with crBNA in association with Cas9 CRISPR/Cas9-based
First experimental evidence for Deltcheva et al. lettuce editing
CRISPR adaptive immunity Woo and Kim et al.

Type Il CRISPR systems are
modular and can be é . .

o e ee Applications
in other organismi

Barrangou et al.

Three papers of

Sapranauskas et 4. Cas9 edited plants
Arabidopsis/Rice/ 20 1 8
2002 2009 2()1 23 Nicotiana De novo
(Goined “CRISPR" Type 1B Crr First demonsiration of otwildpiants
oine: H Irst demonstration o of wild plants
clustgred repeats ¥ name, defined CRISPR complexes Cas9 genome engineering Zsbgon et al.
Ishino et al. signature Cas genes cleave RNA in eukaryotic cells Lemmon etal.

Jansen et al. Hale et al. Cong et al.
Mali et al.
(3 i i N E— ) [ ] W ® o @ —
Engineering
1 2016

2000 2005 2008 2012 ]| 2014 = [2017
Recognition that Identified foreign CRISPR acts upon In vitro Genome-wide functional Base Editor ~  Developmentof
CRISPR families origin of spacers, DNA targets characterization §| screening with Cas9 Kormoretal. | Adenine

are present proposed adaptive Marraffini et al. of DNA targeting Wang et al. Development Baz‘zljg:lﬁ;t .
throughout immunity function by Cas9 Shalem et al. of anti-browning :

) Spacers are ) mushroom
prokaryotes Mojica et al. el Jinek et al. v | DNA-free,
Mojica et al. Pourcel et al. 2010 Gasiunas etal. || Crystal structure of apo-Cas9 '#"9¢' % & CRISPRICpf1-
mature crRNAs : mediated soybean
Identified PAM thatactassmall .9 <o el i
Bolotin et al 4 RNA Cas9 is guided by spacer . cqiing
: guBrc?uns eti : sequences and cleaves Crystal structure of Cas9 in Kim et al.
’ target DNA via DSBs complex with guide RNA and
Garneau et al. target DNA
Nishimasu et al.

modified from Patrick D.H. et al., 2014 Cell 157, 1263-1278
- SRR 2 S0




CRISPR/Cas9 at a target locus
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Outcomes of CRISPR/Cas9

DNA repair : @ Non-Homologous End-Joining (NHEJ), error-prone
@ Homology-Directed Repair (HDR)

Nuclease-induced
[5E (double strand break)

HHE]-mEd,’attd H,p/

HDR-mediated repair

= t
| — Donor ——— Donor
template l template l
Insertion or EIEIHEH (el mutations Precise nucleotide alterations Precise sequence insertion

B Premature stop codon
— Generate gene knock in a tfarget site
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CRISPR/Cas9 applied three model plants

Rice,

Arabidopsis thaliana,
Nicotiana benthamiana
(2013, Aug)

single customized sgRNA, encoded by a
sequence of ~100 nt, is required to targeta
specific sequence, and Cas9 does not have
to be reengineered for each new target
site. The sgRNA:Cas9 system is therefore
much more straightforward than ZFNs or
TALENSs.

To test whether sgRNA:Cas9 can induce

Multiplex and homolbgous

recombination—mediated genome
editing in Arabidopsis and

Targeted genome modification of
crop plants using a CRISPR-Cas
system

To the Editor: o T '_r 'M' o
Al.ThOLl.gh genome editi oer'iiie v;'rsicm of thz)jotarg:;?;:;:u;:).lf 033/1151.2(::[:;’.2
using zinc finger nuclea

and transcription active
nucleases (TALENSs)? c:
modifications, new tect
robust, affordable and e &
needed. Recent advance é

© 2013 Nature America, Inc. All rig
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Nicotiana benthamiana using

guide RNA and Cas9

future implementation. We also introduced

a facile method to manually design a shared
sgRNA target site specific for multiple
homologous target genes by aligning their
coding sequences and carrying out a BLAST
search to evaluate off-target possibilities
(Supplementary Fig. 3). The sgRNA:pcoCas9
technology enables an easy reprogramming
of DNA targeting specificity by changing

the 20-nt guide sequence in the sgRNA
without modifying the pcoCas9 protein.

We have established a simple and rapid
procedure to create a custom sgRNA through
overlapping PCR (Supplementary Fig. 5 and
Supplementary Table 1). Thus, it is feasible

Targeted mutagenesis in the model
plant Nicotiana benthamiana using
Cas9 RNA-guided endonuclease

To the Editor:

Sustainable intensification of crop production
is essential to ensure food demand is matched
by supply as the human population continues
to increase'. This will require high-yielding
crop varieties that can be grown sustainably
with fewer inputs on less land. Both plant
breeding and genetic modification (GM)
methods make valuable contributions to
varietal improvement, but targeted genome
engineering promises to be critical to
elevating future yields. Most such methods
require targeting DNA breaks to defined
locations followed by either nonhomologous
end joining (NHE]) or homologous
recombinationZ. Zinc finger nucleases (ZFNs)
and transcription activator-like effector

BER 8 AUGUST 2013

nucleases (TALENSs) can be engineered to
create such breaks, but these systems require
two different DNA binding proteins flanking
a sequence of interest, each with a C-terminal
FokI nuclease module. We report here that
the bacterial clustered, regularly interspaced,
short palindromic repeats (CRISPR) system,
comprising a CRISPR-associated (Cas)9
protein and an engineered single guide RNA
(sgRINA) that specifies a targeted nucleic acid
sequence?, is applicable to plants to induce
mutations at defined loci.

To test the potential of the Cas9 system
to induce gene knockouts in plants, we took
advantage of Agrobacterium tumefaciens—
mediated transient expression assays
(agroinfiltration) to co-express a Cas9 variant

691




Powdery mildew resistant hexaploid bread

wheat
Wang et al., NBT (2014 Jul)

Barely-Powdery mildew (8/umeria graminis)
T 4 1'? = 1; ]

Wheat MLO genes

NS N O S

Conserved region in genomes A, B and D
sgMLO-A1
CACGCAGGACCCAATCTCOGGGATATGCATCTCCCA
ATC

TaMLO-A1:TCGCTGCTGCTCGECLTC
TaMLO-B1:1cco GCC( \CGCA

TaMLO-D1:”::';;r:?~.‘,:7:::‘,T::f;r5|;.=::.u,r-.:-?-.:::}f.:; ; CAATCTCCGGGATATGCATC
Avall

WT tamlo-aabbdd

WT _ mlo




Another CRISPR system; Cpfl (Casl2a)

Cell

Cpf1 Is a Single RNA-Guided Endonuclease of a

Class 2 CRISPR-Cas System

Graphical Abstract

Cpfi

5" T-rich Staggered

PAM PAM target cut

TTH v
NN 1
A—

Single ILLLELEEETEEEE PR e
CRISPR m -

guide ( _5

RNA
Us::crRNA Cpf1 Genome editing

e+ S —

Highlights
» CRISPR-Cpf1 is a class 2 CRISPR system

Cpfl is a CRISPR-associated two-component RNA-
programmable DNA nuclease

Targeted DNA s cleaved as a 5-nt staggered cut distaltoa 5’
T-rich PAM

Two Cpf1 orthologs exhibit robust nuclease activity in human
cells

Zetsche et al., 2015, Cell 163, 759-771
ek October 22, 2015 ©2015 Elsevier Inc.
http://dx.doi.org/10.1016/.cell.2015.09.038

(2015, Oct)

751933406 Sulfuricurvum sp PCO8-66
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In Brief

Cpf1 is a RNA-guided DNA nuclease that
provides immunity in bacteria and can be
adapted for genome editing in
mammalian cells.

anny Lab, Plant C.ﬁ%gr.
ic Enginee;
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T46633237 Smithella sp SC K0BD17

739526083 Smithella sp SCADC

503048015 Butyrivibrio proteoclasticus

769130404 Lachnospiraceae bacterium MC2017
491540987 Hek 15 kunzii

655445887 Proteocatella sphenisci

502240446 Eubacterium eligens

524816323 Eubacterium sp CAG 76

505317677 Methanomethylophilus alvus
T40127304 Synergistes jonesi

851218172 Candidatus Methanoplasma termitum
671505594 Succinivibrio dextri b
545612232 Acidaminococcus sp BV3ILE
489130501 Francisella novicida U112

769130406 Lachnospiraceae bacterium MC2017
517171043 Porphyromonas macacae
737666241 Lachnospiraceae bacterium ND2006
769142322 Lachnospiraceae bacterium MA2020

737831580 Butyrivibrio sp NC3005

909652572 Oribacterium sp NK2B42

654734505 Pseudobutyrivibrio ruminis

652963004 Butyrivibrio fibrisolvens

652820612 Lachnospiraceae bacterium NC2003

739008549 Porphyromonas crevioricanis

490490171 Prevotella disiens

763240488 Prevotella brevis

299774116 Prevotella bryantii B14

640557447 Prevotella albensis

496509559 Bacteroidetes oral taxon 274

800943167 Flavobacterium sp 316

345530554 Flavobacterium branchiophllum FL15

= 746633217 Smithella sp SC K08D1T

739526085 Smithella sp SCADC

511047224 Lachnospiraceae bacterium COE1

537834683 Leptospira inadai

738437422 Moraxella caprae

639140168 Moraxella bovoculi 237

653158548 Anaerovibrio sp RM50

816249855 Peregrinibacteria bacterium GW2011 GWAZ 33 10
818354782 division WS6 bacterium GW2011 GWA2 376
B18705786 Parcubacteria bacterium GW2011 GWF2 44 17
818703647 Parcubacteria bacterium G\W2011 GWC2 44 17
818357060 Microgenomates bacterium GW2011 GWA2 37 7
407014433 uncubured bacterium geode 4

818357062 Microgenomates bacterium GW2011 GWAZ 37 7
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13
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Two CRISPR Tools

Target DNA

Cas9 ]

— PAM:NGG

.

Cpf1

5’ T-rich Staggered
PAM PAM target cut

-TTN A\

FELETLLET 11

AAN A
Single RN NRN AR AR %
CRISPR ~

1111
e (L0,
—{PAM: TT(T)N

— gRNA: crRNA+tracrRNA

— gRNA: crRNA

— DSB type: Blunt Cut

— DSB type: Staggered Cut

.

Woo and Kim et al., 2015 Nat. Biotechnol.

Kim et al., 2017 Nat. Commun.
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CRISPR-mediated Precise Plant Gene Editing

10 Breakthrough
Technologies
2016

Precise Gene Editing in Plants

CRISPR offers an easy, exact way

to alter genes to create traits such
as disease resistance and drought
tolerance.

Availability: 5-10 years

by David Talbot
> 'y _—\ “ —

— ' E
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Several genome-edited(GE) products with the support of
USDA having "Am I regulate?” > The Sustainable, Ecological,
Consistent, Uniform, Responsible, Efficient (SECURE) rule

Table 1 CRISPR-edited plants in the pipeline that USDA will not oversee

Date of USDA
response Inquiring institution (location) Plant trait engineered with CRISPR-Cas9

10/16/2017  USDA ARS, Plant Science Research Soybean (Glycine max)with drought and salt tolerance;
Unit (St. Paul, Minnesota) achieved by disrupting the Drb2a and Drb2b genes
(double-stranded RNA-binding protein2 genes)

8292017 Yield10 Bioscience (Woburn, Camelina with increased oil content; target genes not

Massachusetts) disclosed
4072017 Donald Danforth Plant Science  Setaria viridis, or green bristiegrass, with delayed
Center (St. Louis) flowering time; achieved by deactivating the S. wiridis

homolog of the Zea mays (D1 gene

41872016 DuPont Pioneer (Johnston, lowa) ~ Waxy com with starch composed exclusively of amylo-
pectin; achieved by inactivating the endogenous waxy
gene Wxl that encodes a granule-bound start synthase
calalyzing production of amylose

4132016 The Pennsylvania State University  White button mushroom (Agaricus bisporus) with anti-
(University Park, Pennsylvanial ~ browning properties; achieved by knacking out a gene
coding for polyphenol oxidase (PPO)

Camelina or falseflax is grown as an oiseed crop to produce vegetable ail and animal feed.

Sorce: IS0 Waltz E. Nature Biotechnology 2018

Ranny Lab, Plant Cellular ™~
4 tic Engineering :

[ i, Kanpwan Nationst Univarsity, Kermn



Base editors
via engineered Cas9 proteins

Komor A. et al
Nature (2016. Apr)
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Base editor applied three model plants

nature
biotechnola

Published: 27 February 2017

Precise base editing in rice, wheat and
maize with a Cas9-cytidine deaminase
fusion

Yuan Zong, Yanpeng Wang, Chao Li, Rui Zhang, Kunling Chen, Yidong Ran, Jin-Long
Qiu, Daowen Wang & Caixia Gao =

Nature Biotechnology 35, 438-440(2017) | Cite this article
5645 Accesses |284 Citations | 49 Altmetric ‘ Metrics

Abstract

Targeted base editing in plants without the need for a foreign DNA
donor or double-stranded DNA cleavage would accelerate genome
modification and breeding in a wide array of crops. We used a CRISPR-
Cas9 nickase-cytidine deaminase fusion to achieve targeted conversion
of cytosine to thymine from position 3 to 9 within the protospacer in
both protoplasts and regenerated rice, wheat and maize plants at

frequencies of up to 43.48%.

nature
biot

Published: 27 March 2017

Targeted base editing in rice and tomato
using a CRISPR-Cas9 cytidine deaminase
fusion

Zenpei Shimatani, Sachiko Kashojiya, Mariko Takayama, Rie Terada, Takayuki Arazoe,
Hisaki Ishii, Hiroshi Teramura, Tsuyoshi Yamamoto, Hiroki Komatsu, Kenji Miura,
Hiroshi Ezura &, Keiji Nishida &, Tohru Ariizumi & & Akihike Kondo

Nature Biotechnology 35, 441-443(2017) | Cite this article

5261 Accesses \220 Citations | 51 Altmetric \ Metrics

@ This article has been updated

Abstract

We applied a fusion of CRISPR-Ca<0 and activation-induced cvtidine
Molecular Plant

deaminase (Target-All swmen soomac Loter 1ot Echor
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Precise Editing of a Target Base in the Rice
Genome Using a Modified CRISPR/Cas9 System
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Rce call of Zronghuall ZH11) were g

was
the GRNA for. 3

much lower 1 NRTLIB (1L6% versus 7.2%, Fass 10}
These resuts ot
oystom in plants.

1o e o Artar ks 9 astmy of W w0
plant breoding, statie Yansgenc seedings

Tom he Pygamycinsesuit <ok fa wied I Teoss 1E
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Most genetic variants that contribute to disease' are challenging to correct efficiently
and withoutexcess byproducts®~. Here we describe prime editing, a versatileand
precise genome editing method that directly writes new genetic informationintoa
specified DNA site using a catalytically impaired Cas9 endonuclease fused to an
engineered reverse transcriptase, programmed with a prime editing guide RNA
(pegRNA) that both specifies the target site and encodes the desired edit. We
performed more than 175 editsin human cells, including targeted insertions,
deletions, and all 12 types of point mutation, without requiring double-strand breaks
or donor DNA templates. We used prime editing in human cells to correct, efficiently
and with few byproducts, the primary genetic causes of sickle cell disease (requiring a
transversion in HBB) and Tay-Sachs disease (requiring a deletion in HEXA); toinstall a
protective transversion in PRVP; and to insert various tags and epitopes precisely into
target loci. Four human cell lines and primary post-mitotic mouse cortical neurons
support prime editing with varying efficiencies. Prime editing shows higher or similar
efficiency and fewer byproducts than homology-directed repair, has complementary
strengths and weaknesses compared to base editing, and induces much lower off-
target editing than Cas9 nuclease at known Cas9 off-target sites. Prime editing
substantially expands the scope and capabilities of genome editing, and in principle
could correct up to 89% of known genetic variants associated with human diseases.
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Prime genome editing in rice and wheat

Qiupeng Lin'24, Yuan Zong'¢, Chenxiao Xue'#¢, Shengxing Wang', Shuai Jin'?, Zixu Zhu'?,
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Prime editors, which are CRISPR-Cas9 nickase (N“OA)—

guido RNAS (pogRNAS), can edit bases In mammalian calls

without donor DNA or
pd ime editors for
aditing-condition optimization. The resulting suite of plant

Plant Prime
PPE?2, PPE3,
BFP > GFP

prime editor systems (PPEs): PPE2, PPE3, and PPE3b (Fig. 12)
PPE2 consists of a nCas9(H840A) fused to an engineered M-MLV
RT, and a pegRNA composed of a primer binding site (PBS) and an
RT template”. PPE3 adds an additional nicking single guide RNA
(sgRNA) to cleave the non-edited strand, which facilitates favor-
able DNA repair. In PPE3b, this nicking sgRNA targets the edited
sequence,thereby preventing nicking of the non-cdited strand until

(Supplementary Fig, 1). We designed pOsU3- BEP-peg0l with an RT
template for changing ACCCAC (threonine-histidine) to ACGTAC
(threonin-tyrosinc), with the cdited bases at positions +1 and
+2, counting from the first base 3 of the pegRNA-induced nick.
W introduced PPE, pUDI-BER w\u BEP-pegol, and a nicking
sgRNA protop A%

diting (PPE)

PPE3b

frequencies of up to 5.7% at the tested target sites in rice (Fig. 1) in
wheat, the (mqnﬂuies  of single nucleotide substitutions, including
A-to-T,C-10-G, T-10-G, and C-to-A, reached 1.4% (Fig. 1f).
PPE3 and PPE ﬂv’uda<|mxlnrnlmngtn‘(w»(y 10 PPE2 i the pro-
toplast systems (Fig 1), indicating tha the nicking sgRNA docs

essarily enhance prime editing efficiencies in plants, in con-
trast with observations in mammalian cell'. We also found that the

after editing occurs, resulting in fewer indels in

We codon-optimized PPE genes for cereal plants znd (xpmd
them using the maize Ubiquitin-1 (Ubi-I) promoter (Fig. 1b)
We used the OsU3 (or Tall6) and TaU3 promoters to drive pegRNA
and nicking sgRNA transcription, respectively. To test whether
other RTs support prime editing, we replaced the engincered

MLV RT with either the CAMV RT (RT-CaMV) from cauliflower
mos: irus” or a retron-derived RT (RT-retron) from E. coli BL21
(ref. ") (Fig. 1b).

We first used our previously described rice protoplast reporter
system to test the PPE system for blue fluorescent protein mw;
to green fluorescent protein (GFP) conversion, which r
changing codon 66 from CAC (histidine) to TAC uvmsmﬂ

PPE DCAS-T3 and OsEPSPS-T2
target sites despite the fact that indel frequencies generated by Cas9
nuclease at those sites were high (Fig, 1¢ and Supplementary Fig, 2),
indicating that prime editing activity may not parallel Cas9 nuclease
cleavage activity at some targets

‘We observed PPE editing byproducts at 6 out of 21 tested tar-
gets at frequencies ranging from 0.5% to 4.9% (Fig. 1<), The main
byproducts were pegRNA scaffold insertions or_replacements
(Supplementary Fig. 3), consistent with previous observations in
mammalian cells'

When we examined prime editing of endogenous genes by
the PPE-CaMV system, we found that PPE-CaMV generated the
desired 6-bp deletion with 5.8% cfficiency at the OsCDC48-T1 site,
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Plant Prime Editors Enable Precise Gene Editing

in Rice Cells

Dear Editor,

Genome editing is revolutionizing plant research and crop
bresding. Sequence-specific nucleases (SSNs) such as zinc
finger nuclease (ZFN) and TAL effector nuciease (TALEN) have
been used to create ste-specific DNA doubl breaks

002, OSDEP?, and OsPDS) and decided to primarly use the

13-t length for both the PBS and the T templates. Rice proto-

plasts were trarsfected with the resultng T-DNA expression vec-

toes of PPE3-VO1 and the ediing was analyzed by next-generation

sequercing (NGS) of PCR ampiicons. Anticipated prime edting
five sites,

and 10 achieve precise DNA modfications by promoting homol-
ogy-directed repair (HDR) (Stanert et al. 2016; Voytas, 2013)
Later, ANA-guided SSNs such as CRISPR-Cas9, Casi2a
Cas12b, and their variants were appled for genome editig in
plants (Li et al, 2013; Nekrasow et al. 2013; Tang et al. 2017,
Znong e al, 2019, Ming et al, 2020; Tang et al, 2019)
However, HDR relies on simutaneous delivery of SSNs and
DNA donors, which has been challenging In plants (Steinert et
al, 2016 Zhang e al., 2019). Arother challenge for reakzing
efficent HDR in plants is that DNA repar favors non-
homologous end johing (NHE.) pathways over HDR in most cell
types (Puchita, 2005; Ol et aL, 2013). Unike SSN-induced HDR.

ciencles at these stes were Qute low (0.05%-0.15%) (Figure 18
The positive reads of the NGS data were validated for precise
Incorporation of designed edts, and some reads revealsd large
deetions presumably due to paired nicking when paring the
CasgHB40A nickase with two gude RNAs (a pegRNA and an
nsgRNA) in the PB3 system (Figue 1C). To minimze these
daletion byproducts, we appled the PE3D strategy where the
nsgRNA was designed o match the edted strand, but not the
widtype sequence. We aiso wanted 1o try out fferent target
sites, hoping to see Improved editing frequency at any of them.
Herce, we targeted five additional stes in four genes (OSALS,
OSEPSPS, OsGRF4, and OsSPLI4) with our PPE3b-VO1 system.

anism, cytidine or adenine base editors that were developed in
recent years Tor

targei wndow i the profospacer, espectivel (<o
Gaudell et al. 2017). Base editors.

(Anzalone e a., 201¢
fused wth a reverse
‘editing DNA strand t ==~ — ==~ ===

the nicked DNA and
prime edting-guide |
modfied single-guc
transcription (RT) te

Molecular Plant
ce

smernseannces V@rsatile Nucleotides Substitution in Plant Using

as in HOR. PEs ako

This time, for AT templates, ranging
from 13 nt 10 23 nt. Prime edting outcomes were again observed
at these five sites, with the frequencies p to
0.4% Ry OSEPSPS-pegR0T) (Figure 1D}, Andlysis of the NGS

Molecular Plant
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Precise Modifications of Both Exogenous and
Endogenous Genes in Rice by Prime Editing

Dear Editor,

Hamessing genetic diversity and the introduction of elite allsles
fom wikd relatives or landraces into ial cultivars has

a simiar strateqy will work efficertly in
espacially in crops.

plant spedies,

. toevalusts the

been a major goal in Grop breading programs. Pracisa modifica-
fion of the plant genome through dlustared regularly intarspaced
dhort palindromic repeat {CRISPR)CRISPR-assaciated protain

PE3 prime ed-
itorin precision genome editing in rice, wafirst mutated Casd into
CasBHBA0A) in our PCXUN-Ubi-NLS-Casg- NLS-PalyA-£8 vec-
tor (Supplemental Figure 14), in which the exprassion of tha fice

PE3 + polycistronic tRNA
Inactive Hyg > active

(MHEJ)is the DNA repair pathway in plants {Baltes

sesecsnace gn IMproved Prime Editing System

We were intersstedin
in plants and did our

seming aricle by L Dear Edfor

Prime Edtor 3 5ys%  Basa aditors (BE3) based on the CAISPR/CasD system,

generated a Piart P

sita (OSALS-2), with the adited base at position +8 (Figura 11
and 1C). The primer-binding sita (PBS) lang
12 bp in PEgANA-0Z and PegANAD (Supplemental Table 2).
which  Tha above threa vectors wers introduced

CasdHBI0A and the

ihed strandwe
respectively (Figurs 1

the ecsting site. We c

can effclorty peforr s Fanation muBon
(M-MLV) RT were b @€ A-T-to-Ge G, have besn wall studied and widsly used to
{Figure 1A The peg  PToEUCe base mutations in a varisty of organisms, incluing in

1075 (A-T40-G -G, C-G-to-A-T, T~Arto-A-T and G-G-1o-C-Gl.
1he 6GRNAWOUKI 14 in aridtitinn fow RE 1hes farmat hacae arm fmtar in a0

Prime Editor-Plant

(2020 Mar. 28)

J et al, 2019), it remains challenging, especially in
Thus, it is essential to further explot mora efficant
nome-editing technology in order to accelerate

El

rime editing system, which enables tageted inser-
nons. deletions. and all 12 classes of point mutations, without
and breaks or a DNA donor repair template,
son efiGantly in calls (Anzalone

MLS-nCasH{HBA0A} Linker1 @33aa)-M-MLV-AT-Linker2(1 4aa)-
NLS-PolyA-ES-Actin-Nos (hereafter refemed to as the prime
editor-basic) {Supplemental Figura 1C). In arder to tast the
teasibility of the prime editor-basic vector in precision editing of
exogenous gensa, wa further mutated the hotll gene in our prime
editor-basic vectar at position Gly 45 (GGA) to TGA and Tyr 46
(TAT) 0 TAG basic-hptl- vector
(Supplemertal Figure 10). The intraduction of these two point
mutations will disable the abiity of the hptll gene to confer

ress
PARTNERJOURNAL ¢ raport, & third ganaration of prme editor

iered by fusing a mutated M-MLV-AT
ukermia vins reverse transcriptase) to the G
talytically impaired Cas9 (HB40A) (Casd
' programmed with a prime editing guide
mposed of a single chimeric guide ANA
the specific site, a primer-binding site
36 transcription (AT) template encoding the
3 complex binds the target DNA and nicks
strand, and uses a nicked genomic DMA

the wera 8 bp and

ino fice calli by
and 87, 88, and 88

the Sanger sequencing resuts, the
and OsALS-2 targets using

transgenic events were regenerated, respectively. Based on

specific G-to-T substitutions were obtained at the OSALS-1
POgRNAOT and pegRNA-03,
achieving editing efficencies of 1.1% (1/87) and 1.1% (1/88)

for the syrthesis of an edited DNA flap by
| AT tamplate on the pegRNA. Subsequant
orates tha edited DNA flap on the non-
rther copies the edit into the complementary
ing in stably edited DNA. At the same time,
ANA at various distances from the nicks
A was used to direct a second cut on the
xease the chances of repairing this strand
d sequence (Figure 1A). The prime edting
tantially expand the scops and capabilities
n precise modification of plant genomes
and targeted

expected Geto-T and

version (PE-P1, PE-P2) ==

1 is an open sccess articls under the CC BY-NG-ND license (nitp:/ 09,

PE3

OsALS, OsACC,
OsDEP1

the muitiple Gs near the target G. Therefore, we first designed

y Lab, Plant Cel

tween the 5 flapthat cortains the unedited DNA sequence and
x cortair I o

resistance on nice calli during selaction. We then
designed a pegRNA composad of an sgRNA, a 28-bp RT
(including two synonymous mutations and two mutations to
restore the twa stop codons into onginal GGA and TAT) and a
13-bp PBS, which are reverssly complementary to the non-
target strand, and another nicking sgRNA for a sacondcut, which
islocated at a distance of 50-bp upstream from the nick induced
by pegRNA on the non-target strand {Figure 1B). Then, taking
advantage of the automatic tRNA self-processing activity in viva
(Xie et al, 2015), we used the polycistronic tANA strategy to
simuttanecusly produce pegRNA and nicking sgRNA. We
cloned the tANA-pegRANA-tANA-sgRNA-ANA-PolyA complex
into this vector to generate prime editor-hptl] mutant vector, in
whhich the pegRMNA and nicking sgRNA were separated by two
ANAS and driven by a single constitutive rice Actin promoter
and terminated by a Polyd saquance to increase the stability of
pegANA and nicking sgRNA transcripts and a Nos terminator
(Supplemental Figura 1E). We deliversd this vector into rice
(Japorica ov. Zhonghua 11) calli by particle bombardment.
Subsequently, the calli were treated at 30°C for 4 h and then

Putiished by #1a Moiculy Plart Shanghai Editorial Officn in associnfon with
Call Prass, an impsint of Elsaear k., Gnbahallof CSPE and IPPE, CAS.
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Precise Genome Editing
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ABSTRACT

Prime-editing systems have the capability to perform ef

ient and precise genome editing in human cells.

In this study, we first developed a plant prime editor 2 (pPE2) system and test its activity by generating a
targeted mutation on an HPT™ATS reporter in rice. Our results showed that the pPE2 system could induce

> editina aenomesites.

E2 > PE3

ic T~nlants. nPE2. mutants accurred

nactive Hyg = active

.
INTRODUCTION

Precise editing of the plant genome has long been desired for
functional genomic research and crop breeding. Sequence-
specific nucleases, especially the widely used clustered regularly
interspaced short palindromic repeat (GRISPR)/CRIS PR-associ-
ated (Cas) systems, are capable of introducing targeted DNA
double-strand breaks (DSBs) in eukaryotic genomes. In the
presence of a donor DNA template, programmable sequence
deletion, insertion, and replacement can be generated by
homology-ditected repair (HDR) of DSBs. Altho ugh numerous ef-
forts have been made, the HDR-mediated precise genome-edit-
ing method is stil not well established in plants, largely due to
extremely limited recombination frequencies and the delivery
barrier of high copy number of exogenous donor.

CRISPR/Casd-mediated base-editing systems were developed
to enable targeted nucleotide substtutions independent of DSB
formation or donor template. To date, two types of base-editing
tools, cytidine base editor (CBE) and adenine base editor (ABE),

ve been exploited to enable programmable and imeversible
G+G-to-T-A and A+T-0-G+G transitions, respectively. For the
CBE tool, cytosine deaminases, such as rat APOBEC1, PMCDA,
hurman AID, or human APOBEC3A, were fused to a SpCas D10A

nickase (nSpCas9-D10A) to direct cytesine-to-thymine con-
version with/without ~ assistance of uracil ~glycosylase
inhibitor (Komor et al., 2016; Nishida et al., 2016; Ren et al,
2018; Wang et al.,, 2018). For adenine editing, Escherichia colf
transfer RNA adenosine deaminase (TadA) was engineered by
diected evolution to enable DNA adenosine deaminase
activity. Gonstructing by an evolved TadA’7.10 and nSpGas3
D10A, the ABE could efficiently convert A to G with negligible
unwanted indel mutations (Gaudelli et al., 2017). Both CBE and
ABE have been successfully applied in various model plants
and crops (Chen et al, 2019). They are widely used to
introduce targeted substitutions in major genes 1o improve
important agrioukural traits, including plant height, flowering
time, disease resistance, and herbicide resistance (Chen et al,
2017; Lu and Zhu, 2017; Shimatani et al,, 2017; Kang et al,
2018; Li et al, 2018, 2019 Tian et al, 2018; Bastet
et al, 2019; Zhang et al., 2019; Wu et al,, 2020). Base editors
were also employed to disrupt genes in plants by creating early
stop codons or inducing transcript mis-splicing (Kang et al,
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PE2/ PE3

13 ntRT sequence targeting the inactive site in EGFP (Figure 1}
and loaded it into Sp-PE2 and Sp-PE3. The Sp-PE3 contains an
additional nick sgRNA that targets a site 47 nt away from the
pegRNA-induced nick. The T-DNA vectors were introduced inta
rice calli through Agrabacterium-mediated transformation. After

Inactive GFP = active

OsALS

tempiate sequence for reverse tanscrption (Le. RT sequence).
The genetic information to be introguced into the target site is
encoded in the RT sequence. The prime editors n intraduce all
12 baseto-base conversions predse small indek and their
combinations. Therefore, they hold great promise for gene
therapy as well as for precision breeding of crops. Here, we
report the appliation of prime editors for precise genome
engineering in rice plants
We synthesized an engineered M-MLV reverse transcripts

{D200N/LEO3WTIO6K! W313HTIZ0P (Anzalone et al. 2019)
and used it to construct the prime editor Sp-PE2 and Sp-PE3 for
expresion in rice (Figure 1a). Compared to Sp-PE2. Sp-PE3 can
expres an additional nick sgRNA Figure 1), To test whether the
prime editors are functional in plant cell, we used a transgenic
reparter to monitor their activity in rice call. We comstructed an
exresion cassette containing an inactive EGFP sequence driven
by the CabV 355 promoter Figure 1h) and inserted it into Sp-
PE2 and Sp-PE3. Both Y67 and G68, two essential chromophore
residues in EGFF, were changed into stop codons (Figure 1b).
Only two precise base conversions {T-G and G-C) can restore 2
weild-type EGFP sequence, whereas indels or other forms of base
comersions cannot. We designed a pegRNA with 13 nt P8S and

line edited by Sp-PE3 had no mutation at the pegRNA arget site
but had indeks 2t the nicking sgRNA target region (Figure 10. The
rest of the Sp-PE2 and Sp-PE3 edited lines contained both the
orignal and restored EGFP sequence.

To test whether the prime editor Sp-PE3 can edit rice
endogenous genes, we first chose the acetolactate synthase
(ALS) gene 2 a target. A pegRNA containing 13 nt PES and 16 nt
RT template and a nick SgRNA B4 nt downstream of the site of
the dn
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OSUBIQUITIN promoter in rice vectors. We therefore designed a
pegRNA to edit the OsALS sequence. The RT template with o
length of 15 bp has two substitutions, a G-to-T substitution that
converts tryptophan 548 to leucine and a silent G-to-A substitu-
tion that destroys the PAM site thus preventing re-targeting by
the pegRNA-NCas3-RT machinery (Figure 1a). These nucleotide
modifications result in the loss of a BsaXi site and generation of
an Mfel site. The primer binding site (PBS) was desioned with a
length of 13 bp. The pegRNA was expressed in rice vectors under

OsALS, OsTB1, OsIPA

(Butt et al., 2017)

In contrast to genome editing methods that use just a Cas
nuclease to generate doublestrand breaks, prime  editing
employs a Casa iickase (NCas9) fused with reverse transcriptase
(RT). The desired edits are encoded on a prime editing guide RNA,
which guides the nCasg-RT complex to the target site (Anzalone
et al, 2019) There, the nCas9 generates a single-strand break
(Shrivastav et al 2008) on the non-complimentary strand and the

domain transfers the desired edits from the PEgRNA to the
DNA (Anzalone et al., 2019). Researchers have developed several
prime editing strategies: in PE1, wild type M-MLV RT fused to the
C terminus of Casa (HBA40A) nickase; in PE2, Cas3 (HBAOA)
pentamutant M-MLV RT (D200N/ LGOIV T330P/ T306K/
W13 in PE3, @ Pe2 prime editor with aditonal smpe g

S627N mutation, which makes rice plants resistant to imidazol-
nane herbicdes (Figure 1). We found that 4 out of 44 (9.1%)
transgenic lines had a desied G-A base trarsition at the target
site and no indels were detected in any of the lines (Figures 1)
Among the four edited lines, two lines were heterazygous and
the ather two were chimeric. We then designed a pegRNA to
introduce a CA2F mutation in ABERRANT PANICLE ORGANZA-
TION 1 (APO1). However, no mutation was found at this site
(Figure 1. These results indicate that Sp-PE3 can generate
precie base comersions in rie but the effidency varies at
different sites. The sightly higher editing efficiency at_the
transgenic reporter may be due to a higher copy number of the

Piaaoe o T8 arick =
httpstioion10.1111/pbi 1355

s, K Fang, Y Ta0, X and T, 1K (020) Preceion genarme engimesng i1 rice (5Ag prie et system. Flant Biotechnal

o e e e
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e by ology andd ¥ Agpied icog and lobr Wiey & Sors 1
el o e Commmors wson cerce. i et .

ick the non-edited strand (Anzalore et al.,
3019) Prime et has several shonton e otner metnods,
such as enabling precise sequence deletion, addition and substi-
tution. However, although it has been tested in human cell lines,
prime editing remains to be tested in plants

To test prime editing in rice (Oryza sativa, we first attempted
toengineer herbicide resistance by targeting rice ACETOLACTATE
SYNTHASE (OSALS). ALS catalyses the initial step common to the
biosynthesis of the branched-chain amino acids and is primary
target site for herbicides like Bispyribac sodium. A single amino
acid change (WS48L) in ALS results in a BS-resistant phenotype
(Butt et af,, 2017}. We cloned the PE2 fragment containing Cas9
(HB40A) with pentamutant M-MLV RT under the control of the

PCRirestnction enzyme analysts (PCR/RE) using Mrel (Figure 1c)
The digestion of amplicons by Mfel indicated the frequency of
editing in the samples. We used Sanger sequencing to_confirm
these edits (Figure 1d1. Most of the reads were fully edited and
repaired according to the T template. Interestingly, some of the
reads showed an A-to-G substitution, which converts. tyrosine
553 to cysteine. This substitution is not the part of the RT
template and probably came from the scaffold RNA, as the first
nucleotide of the scaffold RNA adjacent to the RT template (2 G ")
can be used for DNA repair (Figure 1d)

We also targeted rice IDEAL ALANT ARCHITECTURE 1 (OsiPA)
using prime editing (Figure Te). The OsIPA transcription factor
reduces the number of unproductive tilers and improves rice
vield. We desioned a pegRNA. for two consecutive substitutions
(AG to GA) to convert 5163 to D in IPA with length of RT 20 bp
and PBS 13 bp. Two silent substitutions (CGC to AGA) destroy
the PAM site. These mutations destroy a Pyull site and generate
Psti and Bbsl sites. We transformed rice via Agrobacterium and
regenerated shoots. We analysed the plantlets after enriching for
edited DNA with Pvul digestion by Sanger sequencing. We found
that prime editing successfully edited OSiPA at the target site.
(Figure 1.

Similarly, we targeted rice TEOSINTE BRANCHED 1 (OsTB1), a

tively regulates Iateral branching by repressing axilary bud
outgrowth. We designed a pegRNA to target the OsTH T pramater

Please ote this article 35 8ult, W Reo, 6. S Sedeek, K Aman, R Kamel &
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CRISPR-based gene editing in crops
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N. attenuata A. thaliana O. sativa
AOC P450
RGEN RNP — 5 - i
Indels (%)
T7E1 17 19 21
NGS 44 16 19
AoC PHYB P450

CAAAAGACTGTCAATTC-CCTTGG WT CACTAGGAGCAACACCC-AACGGG WT  CATATAGTTGGGTCATG-GCATGG
CAAAAGACTGTCAATTCACCTTGG +1 CACTAGGAGCAACACCCAAACGGG +1 CATATAGTTGGGTCAT--GCATGG
CAAAAGACTGTCAATTCTCCTTGG +1 CACTAGGAGCAACACC--AACGGG -1 CATATAGTTGGGTC - - - -GCATGG

CACTAGGAGCAACACCCCAACGGG
CACTAGGAGCAACAC- - -AACGGG
CACTAGGAGCAAC----- AACGGG

CAAAAGACTGTCAATTCCCCTTGG +
CAAAAGACTGTCAATT--CCTTGG -1

+
2
4

CATATAGTTGGGC- -~~~ GCATGG
CATATAGTTGGGT = === -~ CATGG

PR

Gene Editing Plants without DNA

Woo J. and Kim E. et al., Nat. Biotechnol. 2015

T1 plantlets
T0-23 T0-10 TO-12 o -

WT A3 bp/1 bp 1 bp/1 bp

\{
AN P q A ‘lﬂr’/\}\
UATIVAVTAVAVATAVA ATV ANATAVATATAVAVATAVAVATA S PP
¢ B &) C GTG T e P Ce T T ? G
1}0 120 130

> Developed a method to edit the genome of plants without the introduction of
foreign DNA (A DNA free, Cas9 RNP method)




A Simple and Versatile Binary Vector, pH(B)AtC

pBAIC

pHALC

pHNaC

pBAt

i

A. thaliana U6
—— _Xhol ~ _ Aarl
AGTAGTGATTGGAGGCAGGTGTCTCGAGAGTCACCTGCAGAGGTTTTAGAG

sgRNA-Backbone
L4

TCATCACTAACCTCCGTCCACAGAGCTCTCAGTGGACGTCTCCARAATCTC

RB H Ter HcASOhe:NLS:HA @-r Ter|[r8]
EcoRI Xhol

[ Heasonentsiak Hawe{ H Mmeri §

[ HoasonenisraK HNa{ —— H MR | |

attR2

Institute for
Basic Science

attR1

Kim H and Kim ST et al., JIPB 2016

www.addgene.org /78097 or 78098
Oaddgene Login | Create Account [ search for plasmids a

The nonprofit plasmid repository

Find Plasmids ~ Deposit Plasmids ~ How to Order ~ Plasmid Reference ~ About Addgene ~

Browse / Jin-Soo Kim / Kim etal

A simple, flexible and high-throughput cloning system for plant genome editing via CRISPR-Cas

system.
Kim H, Kim ST, Ryu J, Choi MK, Kweon J, Kang BC, Ahn HM, Bae S, Kim JS, Kim SG
J integr Plant Biol. 2016 Mar 4. doi: 10.11114ipb.12474. (3 PubMed (' Journal

Plasmids from Article

Showing 1 to 2 of 2 entries
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It

!

Mext Search table:
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http://www.addgene.org/78097

CRISPR-Cpfl mediated DNA-free
| Soybean editing

Kim H. et al., Nat. Commun. 2017

9 crRNAs of two FAD2 genes

Cpf1-crRNA (RNP) complex cRNAT 2 34§ 5 71 89
> FAD2-1A 5 - — 3
5% crRNA FAD2-1B & FAD2-1A locus Totl
CTTTTAGTCCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC WT  reads#
lPEG'media‘edF‘dieﬁvefY i CEEEEECEEEEEEEEEETEEEEETEEEETELT 55284
: (” Cytoplasm ) CTTTTAGTCCCTTATTTCTC------- ATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -7 3003
/Nucleus N CTTTTAGTCCCTTATTTCTC----=----~ AGCCATCGCCGCCATCACTCCAACACAGGTTC 10 1052
Target PAM CTTTTAGTCCCTTATTTCTC-= === === AAGCCATCGCCGCCATCACTCCAACACAGGTTC -9 1008
genome | |5'= TTWTI‘!‘I’I‘I’I‘I’I’HWTFK’!‘HT_ — CTTTTAGTCCCTTATTTCTCAT = ===~ -~~~ GCCATCGCCGCCATCACTCCAACACAGGTTC -9 866
editing' TS CTTTTAGTCCCTTATTTCTCAT----=-----~ CCATCGCCGCCATCACTCCAACACAGGTTC -10 647
K LLSLLWMM*— —_ CTTTTAGTCCCTTATTTCTCATG-------- GCCATCGCCGCCATCACTCCAACACAGGTTC -8 593
Target locus CTTTTAGTCCCTTATTTCTCAT-GAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -1 576
CTTTTAGTCCCTTATTTCT === =mmmm=m AAGCCATCGCCGCCATCACTCCAACACAGGTTC =10 501
CTTTTAGTCCCTTATTTCTCAT-------~ AGCCATCGCCGCCATCACTCCAACACAGGTTC -8 488
& J) LbCpff CTTTTAGTCCCTTATTTCTCATGG-AAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -1 385
CS—chrHNAS FAD2-1B locus Total
OLbCoil M LbCoff ELbCpfi mLbCpf CTTTTAGTCCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC WT  reads#
100 - P +cerNA3 100 +CS-crRNA3 (LTI CLCLEPEEETECTECELEEEEEEEEEEEE 15692
CTTTTAGTCCCTTATTTCTC------- ATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -7 2188
a’:@ 104 ge\ 104 CTTTTAGTCCCTTATTTCTCAT--------- GCCATCGCCGCCATCACTCCAACACAGGTTC -9 1091
‘; : CTTTTAGTCCCTTATTTCTC- === ===~ AAGCCATCGCCGCCATCACTCCAACACAGGTTC -9 696
2 1 § 1 CTTTTAGTCCCTTATTTCTCAT -GAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC 1 479
2 =] CTTTTAGTCCCTTATTTCTCAT---------- CCATCGCCGCCATCACTCCAACACAGGTTC -10 469
g 01 g 01, CTTTTAGTCCCTTATTTCTC- - ----- AGCCATCGCCGCCATCACTCCAACACAGGTTC 10 430
= ' % CTTTTAGTCCCTTATTTCTCAT === == ===, AGCCATCGCCGCCATCACTCCAACACAGGTTC -8 363
% 0.01 1 'g 0.01 1 CTTTTAGTCCCTTATTT= === == AAGCCATCGCCGCCATCACTCCAACACAGGTTC -12 352
- ’ - ’ CTTTTAGTCCCTTATTTCT === === AAGCCATCGCCGCCATCACTCCAACACAGGTTC =10 305
0.001 : 0.001 CTTTTAGTCCCTTATTT= === mmmmmmmam GCCATCGCCGCCATCACTCCAACACAGGTTC 14 294
FAD2-1A FAD2-1B FAD2-1A FAD2-1B

» Improved the DNA-free method to edit the genome of soybean with chemically
synthesized crRNAs
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. Early-flowering Chinese cabbage
. 4 via CRIRSP-Cas9 mediated editing

Jung S.Y. et al., Plant Biotechnol Rep 2019

Indel frequencies (%)

A r'abidOPSIS FLC Or'thOIO_gS in B. r'apa of both BrFLC?2 and BrFLC3 B rppadintin T1 line2

T1 generation

0 50
Arahidopsis FLC
B. rapa FLC1 || B.rapa
B. rapa FLC2 (Kenshin)
B. rapa FLC3 I i
B rapa FLCE finei2
Arabidopsis FLC ling:s
B. F
B. % FII:Eé line 4
B. rapa FLC3
B. rapa FLCS line 5
NagidopshFEIE:l - line 6
. rapa C
B. rapa FLC2 o line 7
B. rapa FLC3 D
B. rapa FLCE I} line
ropens
B. rapa FLC2
B. rapa FLC3 line 12
B. rapa FLCS
line 13
Arabidopsis FLC
B. rapa FLC1 line 14
B. rapa FLC2
B. rapa FLGC3 line 15
E. rapa FLCS T1 line 8 T1 line 12
Arahidopsis FLC L
B. rapa FLC1 -
B. rapa FLC2 lined7
B. rapa FLC3 &
B. rapa FLCE [/ I8 line 19
Arabidopsis FLC [l A line 20
B. rapa FLC1
8. rapaFLC2 line 21
B. rapa FLC3 1

B. rapa FLCS ©

line 22

line 23
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PhACO1

= 2 NN W
o o O 0 O

Gene expression to tublin

1 2 3 4 5 6 7
Flowerstag

» Understood the role of PhRACO1 in ethylene production and applied the CRISPR-

sg1 ATCAGCTTGGACAAAGT-GAATGG WT  Reads (%)

#6

#36

#91(1)

#91(2)

ATCAGCTTGGACAAAGT-GAATGG
ATCAGCTTGGACAAAGTLGAATGG

ATCAGCTTGGA== ==~ T-GAATGG
ATCAGCTTGGACAAAGT-GAATGG

ATCAGCT=eeeenenne- GAATGG

ATCAGCTTGGAC- - - - T-GAATGG
ATCAGCTTGGACAAAGT-GAATGG
ATCAGCTTGGACAAAGTEGAATGG
ATCAGCTTGGAC= = ===~ GAATGG

WT 4974
+1T 4404
-5Del 49.24
WT 4507
-10 Del 100.0
-4 Del 5213
WT 4017
+T 0.99
-5Del 0.5

Cas9 tool for the improvement of floricultural quality

Dupartment of Biological Seimnces, Cotlora
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CRISPR based precise gene
editing in pepper




Capsicum (bell and hot peppers) w

= The most economically important vegetable crop in the world, especially Asian
countries
= A member of the Solanaceae family that include tobacco, tomato, and petunia
» Whole Genome sequence were released since 2014
Genome Size: about 3.5 Gb,
Capsicum annuum CM334' (Nat. Genet., 2014), Zunla-1' (PNAS, 2014)
= Strong research background in Korea
Reference Genome Sequence
Molecular markers for major traits,

High density genetic maps

NE=Ta s T
\_// . ' Ranny Lab, Plant Cellular




Pepper leaf-induced callus formation
in hot pepper CM334 and bell pepper Dempsey

CM334




Schematic overview of CRISPR-mediated
genome editing in pepper protoplasts.

Cas9/sgRNA (RNP)
PEG-mediated
CRISPR-RNP delivery

c d
CM334 Dempsey

6 ¢

leaf protoplasts callus protoplasts

i Target gene editing
(" Plasma membrane k.

Kim H. et al., 2020 BMC Plant Biology
Nucleus
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tic Engineering
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CM334-callus-protoplasts as a screening
system for CRISPR RNPs

a 20 ¢
—
CM334 callus protoplasts
Bright field GFP:NLS ;\? 15 r
>
s CRISPR/Cas9
=
10 |
o
S
)
-
£ 5}
0 " P —
Cas9 Cas9 Cas9
+SgRNA1 + sgRNA2
c
CaMLO2 sgRNA1 locus Indel % Reads # total #
TGGCATCCTTGT -AAGGCAGATGAAGATGTCAAGTCTGAGT WT 14451 17535

17.6 3084
TGGCATCCTTGT - -AGGCAGATGAAGATGTCAAGTCTGAGT -1 3.9 676
TGGCATCCTTGT - - - -GCAGATGAAGATGTCAAGTCTGAGT -3 3.7 644
TGGCATCCTTGT - -AGGCAGATGAAGATGTCAAGTCTGAGT -2 3.2 566
2.3
1.8

TGGCATCCTTGTaAAGGCAGATGAAGATGTCAAGTCTGAGT +1 400
CM334 | TGGCATCCTTGT -~~~ AGATGAAGATGTCAAGTCTGAGT -5 312
CaMLO2 sgRNA2 locus Indel % Reads # total #
TGAGTATGATGACCCTTGTTTAC-AAAAGGTACAATGGTTA WT 24185 24226
0.2 a1

TGAGTATGATGACCCTTG- - - -C-AAAAGGTACAATGGTTA -4 0.1 19

TGAGTATGATGACCCTTGTTTACCAAAAGGTACAATGGTTA +1 0.0 9 . .

TGAGTATGATGACCCTTGTTTAC - -AAAGGTACAATGGTTA -1 0.0 ; Kim H. et al., 2020 BMC Plant Biology




Dempsey-leaf-protoplasts as a screening
system for CRISPR RNPs

a
u24 h m48 h
12 -
Dempsey leaf protoplasts s I
o
Bright field GFP:NLS S 10}
X CRISPR/C
5 IS as9
o
g e
g af
£
2}
10 pm 0
Cas9 Cas9 Cas9
+ sgRNA1 + sgRNA2
c
CaMLO2 sgRNA1 locus Indel % Reads # total #
TGGCATCCTTGTAAGGCAGATGAAGATGTCAAGTCTGAGT WT 9587 10807
11.3 1220
TGGCATCCTTGT-AGGCAGATGAAGATGTCAAGTCTGAGT -1 3.9 420
TGGCATCCTTGT - - -GCAGATGAAGATGTCAAGTCTGAGT -3 247 291
TGGCATCCTTGT - -GGCAGATGAAGATGTCAAGTCTGAGT -2 1.8 191
TGGCATCCTTGT ===~ GATGAAGATGTCAAGTCTGAGT -6 0.9 95
Dempsey | TGGCATCCTTG- - - -~~~ GATGAAGATGTCAAGTCTGAGT -7 0.6 65

CaMLO2 sgRNA2 locus Indel % Reads # total #
TGAGTATGATGACCCTTGTTTAC-AAAAGGTACAATGGTTA WT 8720 8764
0.5 44
TGAGTATGATGACCCTTGTTTACtAAAAGGTACAATGGTTA +1 0.3 24 ' '
TGAGTATGAT === = === === ===~ AAAAGGTACAATGGTTA -13 0.2 20  Kim H. et al., 2020 BMC Plant Biology




Development of callus-protoplasts screening
systems for CRISPR-RNPs in peppers

a
"
25 ¢
*
—~ 20 I
&
>
2 15t
()
=
o
[0
= 10 +
g CRISPR/Cpfl
©
E p
5 L
0
LbCpfi  LbCpfi  LbCpfi  LbCpf1
+ crRNA1 + crRNA2
b
CaMLO2 crRNAT locus Indel % Reads # total #
CCATTTTTATTGAACAAATTATGCATCACCTTGGAGAGGT WT 18045 20020
9.9 1975
CCATTTTTATTGAACAAATTATG= == ==~ CTTGGAGAGGT -6 1.6 318
CM334 | CCATTTTTATTGAACAAATTATGCA= - == -~ TGGAGAGGT -6 0.6 119
CCATTTTTATTGAACAAATTATGCA= - - -~ TTGGAGAGGT -5 0.5 106
CCATTTTTATTGAACAAATTA-===enunn-e TGGAGAGGT -10 0.4 87
CCATTTTTATTGAACAAATTATG- - - - - CCTTGGAGAGGT -5 0.4 86
CaMLO2 crRNA2 locus Indel % Reads # total #
ATACAAGACCCAGTTTCTAACTTATGTGTCCCCAAAAGTG  WT 21015 26032
19.3 517
ATACAAGACCC === ===~ AACTTATGTGTCCCCAAAAGTG -7 2.4 927
CM334 | ATACAAGACC------ CTAACTTATGTGTCCCCAAAAGTG -6 2.3 600
ATACAAGACC - - - -TTCTAACTTATGTGTCCCCAAAAGTG -4 2:2 551 . .
ATACAAGACCC -~ -- == === ==~ ATGTGTCCCCAAMAGTG -12 1.7 446 Kim H. et al., 2020 BMC Plant Biology
ATACAAGACCCAG- - TCTAACTTATGTGTCCCCAAAAGTG -2 1.4 363
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A Reliable Regeneration Method in
" Genome-Editable Bell Pepper "Dempsey”

A B C D




Comparison of callus induction ratios
among the tested Agrobacteria-mediated
transformation in Two peppers

Number of Calli/ Explant

*k%k

CM334

Number of Calli/ Explant
N w
1 1
boot—dee
¢|-o-o-o+:—| @
> b




Suitable Phosphinothricin (PPT) concentration
for screening transformants in two peppers

Dempsey




PCR analyses of PPT-selected transformed calli
of two pepper cultivars

M PN 1 2 3 4 5 6 7

AGL1 D. -.- ..... ”l,
M PN 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Dempsey| EHA101 —_ . S G S e S e SN PR—

GV3101 [Haw wwesww -

- . ¥ - n
6 7 8 9 10 11 12 13 14

3 4
CM334| EHATON S i w0 e e o a8 = = o o a9 =
3 4

M PN 1 2 5 6 T 8 9 10 11 12 13 14
GV3101|§. @0 - s e an e - an - &

Park et al., 2021 Int. J. Mol. Sci.

ic Engineering
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Comparison of indel frequencies and patterns
of selected pepper calli

QO
(o}

Dempsey CM334

* * ek

0.10+ 0.10+
0.08 0.08- )
0.06 0.06-
0.04+ 0.04- 4

0.02

Indel Frequency (%)
Indel Frequency (%)

0.02- sl

0.00

0.00

c CaMLO2 sgRNA1 locus
TGGCATCCTTGTAAGGCAGATGAAGATGTCAAGTCTGAGT WT

TGGCATCCTTGT -AGGCAGATGAAGATGTCAAGTCTGAGT -1
TGGCATCCTTG-AAGGCAGATGAAGATGTCAAGTCTGAGT -1
TGGCATCC-TGTAAGGCAGATGAAGATGTCAAGTCTGAGT -1

CM334 TGGCATCCTTGT -AGGCAGATGAAGATGTCAAGTCTGAGT -1
TGGCATCCTTG-AAGGCAGATGAAGATGTCAAGTCTGAGT -1

Park et al., 2021 Int. J. Mol. Sci.




SUMMARY

CRISPR systems
> Prokaryotic adaptive immunity system
> various genome engineering tools

> Improvement of soybean oil quality
> Prolonged Petunia flower
> Early-flowering Cabbage

> Development of callus-protoplasts screening systems for
CRISPR-RNPs in peppers

> A Reliable Regeneration Method in Genome-Editable Bell
Pepper "Dempsey”

> Agrobacterium-mediated Capsicum annuum gene editing in
two cultivars
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