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Abstract

Key Message: CRISPR-Cas9Lpfl system with its uniquegene targeting efficiencycould be

an important tool for functional study of early developmental genes tlrough the generation

of successful knockout plants.

Abstract

The introduction and utilization of systems biology approaches idaméified several genes that
are involved in early evelopment of a plant and with such knowledge a robust tool is required
for the functional validation of putative candidate genes thus obtalinedievelopment of the
CRISPRCas9/Cpflgenome editing system has provided a convenient toaré&ating losof
function mutants for genes of interesthe present study utilized CRISPR/Cas2l CRISPR
Cpfltechnology to knock out an early developmental gefPIEL9 (Epidermal Patterning Factor
like-9, a positive regulator of stomatal development in Arabidopsitiotogue in rice. Germ

line mutants that were generated showdis that were carried forwardto the T2 generation
when Cas9free homozygous mutants were obtained. The homozygous mutant planesshow
more than aeightfold reduction in stomatal demgion the abaxial leaf surface of the edited rice
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plants. Potential offarget analysis showed no significant-taffget effects. This study also
utilized the CRISPR.bCpfl (Lachnospiracae bacterium Cpfl)to target the sam@©sEPFL9
geneto test the actity of this class2 CRISPR system in rice and found that Cpfl is also capable
of genome editing and edits get transmitted through generations witér phenotypic changes
seenwith CRISPRCas9. This study demonstrates the application of CRISP4&s9/Cpflto
precisely target genomic locations ashelelop transgerfeee homozygous heritable gene edits
and confirmsthat the loss of function analysis of the candidate genes emerging ifferard
systemns biology based approaches, could be performed and therdgfis system adds value in
the validatiorof gene functiorstudies.

Introduction

The emergence and the amalgamation of systems biology resources, datadangs fin
experimental research currently, has heralded idbatification of hitherto unkown genes
involved inthe early development of plants. Moreover it has ensured that not only noed ge
are identified but also the interaction of several genes involved in ketpbolic and
developmental pathwaysan beelucidatedrapidy. The utilization of the different “omics’
approaches has pooled in data from the genomic, transcriptomic levels agigddmasse to a
picturethat enhances oumderstanding of how the early development in plants occurs, the genes
involved with the network and intertdm@n that occurbetween themThereforea need arises to
functionally validate said gen@s vivo to see how do they actually act on the plants and how do
their interactions affect its growtithis can be answered by studying the loss of function of said
genes by employing variougenetic engineeringechniques such asprecisegenome editing
which provides researchers with the ability of clear, precise taggefi desired genes and to
create knock outs, thus studying the inevitable loss of functiargehe.

The CRISPR/Cas9 (Clustered regulatory interspaced short palindromic repE&RESPR

associated protein 9) genome editing system provides an efficient wggnefating targeted
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mutatiors in the plant genme (Jiang et al. 2013)A derivation of tle prokaryotic immune
systemCRISPRcas9/cpflintroducesndels at a desired locus in the genome while the randomly
insertedT-DNA containing the Cas9 nuclease can be segregated ougtimegative selection
across several generat®rlrhe alteration ofa specific DNA locus without leaving behind
heterologous genetic elemenserves as an advantage for this system over other genetic
modification (GM) approaas (Xu et al. 2015). The adoption of crops produced from modern
genetic engineering has improvat diversifiedcrop agronomical traitdut hasbeen hampered

by strict regulatory guidelinethat hinder release. However, mutations created through this
technology mimic natural spontaneous mutations or inducediomggroduced usinghemicals
(e.g.Eehyl methanesulfonate) or Gamma rays, whigve muchmore relaxed regulations for
adoption and delivery to the farmdigoytas. 2013) The genetic variatiofrom these kinds of
mutation (natural or induced)aslong been harnessed by breeders to undeldfaa genetic
basis of desirable agronomical traatsd to utilize in their breeding progran@@ombining robust
CRISPR/Cas9 technology and conventional breeding could speed up tha pdseh we can
improve the traits of the world’s crops needed to sudisture food demand in our rapidly
changing environment.

The CRISPR/Cas9 system used in genome editing requis#sgée guide RNA $gRNA) that
assiss the Cas9 protein in recognizing the targeted locus to indi@€A double strand break
(DSB)(Shen efal. 2013) Mutation at the targeted locus happens through the repair of the DSB,
facilitated by the error prone processtbé nonhomologous end joiningNHEJ DNA repair
pathway(Xie and Yang, 2013)The sgRNA is a single stranded RNA molecule tlmatainsa
sectionthat is complementary to the target site sequemtes helps the Cas9 enzyneidentify

the desired locus. The CRISPR/Cas9 used ithis study was derived fron&reptococcus
pyogenes, which requires d7 to 20 bp target site that is doy adjacent to a SNGG PAM
(protospacer adjacent motif) sequence to be effectively recognized by the RN al.,
2013) The abundance of NGG motif sequenpeovides flexibility in choosing a desired locus
to serve as a target site for Cas9 clgav&han et al.,2013)However, the simplicity of this
approach poses a risi causingoff-target effects in the genoraésites with sequencamilarity

to the target site. Several bioinformatics tools @railableto help predict regions in the genome
that containsimilarity to the target regio(Doench et al., 2014; Doench et al., 2016;Lei et al.,
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2014; Xie et al, 2014; Yan et al., 2014dentified genes/genetic regions can be verifad
genome editsnjutatior) by PCR amplificatiorand subsequesiequencing.

The recent identification of another class 2 CRISPR effg@pfl) broadenghe horizonfor
genome editingZetsche et al (2015) hae shown that Cpflallows robust genome editing in
human cellines and can targe®/T-rich area of the genome and thuscreag the numbeof
locationsthat can be editedfwo major orthologue of Cpfl fromAcidaminococcus sp and
Lachnospiracae bacteriumshowed significant genome editing activityThe Cpfl not only
targets adjacent to arich PAM, but also it ha certain unique characteristidgat differ from
Cas9(Zetsche et al., 2015The CRISPRCpfl systemis simpler,only requiing one crRNA in
contrast to Cas9 where one crRNA atdacrRNA complexare required.Moreover, in contrast

to Cas9's blunendeddouble strand breakhe CRISPRCpfl system introduces a staggered
DNA double strand break, whiadtanbe useful in generating efficiegene insertiong plant
systens.

In this study we have uselde OsEPFL9 gene as a marker to teke efficiency ofthe CRISPR
Cas9 and CRISRRbCpfl systemsin rice. An developmental gen®sEPFL9 also known as
rice STOMAGEN is part of a family of secretory signal peptides that regulate leaf stomatal
density(Kondo et al., 2010; Sugano et al., 2010y Arabidopsis,AtEPFL9 gene expression
positivdy regulates stomatal development aswtrelateswith increasesn stomatal density.
Knock-down ofthe AtEPFL9 gene expression produces plants with decreased stomatal density, a
phenotype which is good for analyzing the hdgedif the mutations even after several
generationsOSEPFL9 was targetedh rice to serve as a visible phenotypic screen to support the
sequencing resut Segregating mutant lines showad incomplete dominant phenotypkat
helps in validating the zygag of mutant linesExon 1 ofOsEPFL9 was targeted by CRISPR
Cas9and CRISPRLDbCpfl1 separately TO plantsthat were regenerated showétk presence of

the targetedyeneedits by both systems CRISPRCas9 mediated knockout lines were taken
through severagenerationso check that the editgere stabilizednd thathe segregation of the
Ca9® hadoccurred This study reports the application of CRISPRCpfl in plans and also
reports CRISPRCas9 mediated editing ¢fie OSEPFL9 genein rice, transmission bthe edits
through generations, segregation @&and development of a visigidenotypewith more than
eightfold decreas@ stomataldensity.
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Materials and Methods
Construct Designing
Generation of pCambiaCRISPR_Cas9 vector

A backbone pCambi€RISHR_Cas9 binary vector was generated for the establishment of a
robust rice genome editing system. The plasmid DNA of p@iRNA that contained the
transcript of a single guide RNA (sgRNA) and pJITB.SCas9 CRISPR/Cas9 that expressed
rice-codonroptimized Cas9 was a kind gift from Caixia Gao’s |dlhe two functional cassettes
from each vector were cloned into the pCambia vector systeAgfobacterium-mediated rice

transformation.

The sgRNA cassette of pOstid§RNA and the Cas9 cassette of pJIF26R.SCa&9 and the
backbone of the modified pCambial300 were isolated by restrictigimendigestion and were
agarose gel purified respectively, and were ligated to produce the backbone pCambia
CRISPR/Cas9 binary vector.

The backbone pCamb@RISPR_Cas9 vector wadigested with Aarl to create two unique
sticky ends. Target sequence was formed by annealing a pair of oligbk¥Eas9TargetF

and EPFL9Cas9TargetR) that had compatible sticky ends to the Aarl digested backbone
pCambiaCRISPR/Cas9 vector. The fireexon of the OSEPFL9 gene in rice cv. IR64
(OsIR64_00032g010800.1, Rice Si$eek Database, IRIC) was targeted.

Generation of pCambiaLbCpfl vector

The pCambidbCpfl working backbone vectors were developed from the pCambia
CRISPR_Cas9 vector. The guidéNR scaffold of pCambirCRISPR_Cas9 was removed by
restriction digestion using Aarl (ThermoFisher Sceintific) and Xbal (NEBpair of oligos
(LbCpfl-gRNA-F and LbCpfigRNA-R ) was annealed to create the compatible sticky end to
Aarl-Xbal digested pCambi@RISPR_Cas9, and the annealed oligo carried LbCpfl specific
gRNA scaffold (Zetsche et al.,, 2015)and the Bael recognition site to help the insertion of
designed target, and a -4l long gRNA transcription terminator that was taken from the
pCambiaCRISPR Cas9 (Figure S8).
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The intermediate vectors carried LbCpfl gRNA scaffold, were furthertddy@ath Hindlll and

Sall to remove the Cas9 coding sequence and the terminator. The coding sequdrCpfbf L
was PCR amplified (CpfE and LbCpfiR) from pcDNA3huLbCpfl that was kindly given as a

gift by Feng Zhang's latZetsche et al., 2015The CaMV terminator was PCR amplified using
LbCpfl-NLS-F and CpfANLS-R. The two PCR products were used as templates for overlapping
PCR (CpftF and CpfiNLS-R). The produciof the overlap PCR covered a unique Hindlll
restriction site upstream of the Cpfl cassette and a unique Sall restrictionisistrdam of the
Cpfl. The overlap PCR product was digested with Hindlll and Sall andheadigated with the
HindllI-Sall digested intermediate vectors, to produce the working backbone vector p€ambia
LbCpf1.

Guide sequences were produced by oligo annealing that had the compatible sticky émels t
restriction enzyme digested working backbone vectors (Aarl for pCa@i8PR_Ca9, and
Bael for pCambid_bCpfl).

All oligo DNA used in this study were ordered from Macrogen. Vector maps were geherat
using SnapGene.

Rice Transformation

The Indica rice cultivar IR64 was used in this transformation. pCarflisdSPR_Cas®EPFL9
was trasformed to rice viaA. tumefaciens mediated transformation using rice immature
embryos (IE)Hiei and Komari, 2008)hat were collected from immature seeds of rice panicles
harvested 12 days after anthesis.

A. tumefaciens transformed with the working veatowas mixed with infection medium. Five
microliter of theA. tumefaciens suspension was dropped on top of each IE and the IEs were
allowed to cecultivate for 7 days at 25 °C in the dark. Elongated shoots were removed from IEs
after cocultivation and thelEs were gently blotted on sterile filter paper. Blotted IEs were
transferred to the resting mediuidiei and Komari, 2008)and incubated at 30 °C for 5 days
under continuous illumination. Each IE was cut into 4 pieces. All cut IEs weudated on

selection medium, containing 30mg/L hygromycin, for 10 days at 30(H&i and Komari,
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2008) and then all were transferred to fresh selection medium for another 4.0Ad®y being
incubated twice on the selection medium, hygromyesistant calli were selected to transfer to
the 3%time selection for 10 days. After th& 8me selection, the hygromyeiresistant calli were
moved to preegeneration medium, containing 50 mg/L hygromycin, to incufoait&0 days at
30 °C (Hiei and Komari, 2008)Profileraing calli were then transferred onto regeneration
medium (Hiei and Komori, 2008)containing 50 mg/L hygromycin and were allowed grow for
10 to 15 days until the roots were about 2 mm long. Regenerated plantlets were Hierrdchn
and grown in Yoshida Culture Solution (YCS) for two wedBatta and Datta 2006)
Regenerated plants were screened for their transgene (i.e. Cas9 or Cp@R lgiRg primer
Cas9F and CasR for pCambiaCRISPR_Cas®PFL9 and LbCpfF and LbCpfiR for
pCambialLbCpfl-EPFL9. Pants of positive PCR results were maintained and were transferred
to soil after two weeks growing in YCS.

Surveyor Assay

PCR was performed using Phusion® Higidelity DNA Polymerase (NEB) with isolated
genomic DNA. The product size was 795 bp using prigleFL9segF and EPFLSegR. For
every PCR that was performed for transformed plant, a wild type (WT)otdP€R was
performed alongside under the same conditions. The total volume lofesation was 15 pL.
After the completion of the PCR, 3.5 uL froeach reaction was loaded on agarose gel to
confirm the success of PCR reaction.

For the Surveyor assay of each sample, 6 puL of the PCR product from thertnaxdsplant and
6 pL of the PCR product from the WT control were well mixed. EactednPCR prodct was
hybridized to form DNA heteroduplexes and were then digested with Surwyoease,
following the user guide of Surveyor ® Mutation Detection Kit (IDT, 706020)

Digested DNA was run on 2% agarose gel and samples with visible didestds (expecte
size 463 bp and 332 bp) were selected as Surveyor Assay positives.

Indel analysis
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The PCR products of selected plants were directly sequenced.. Each PCR reactorolume
of 40 pL and was performed using Q5® Higidelity DNA Polymerase (NEB). PCR qulucts
were purified from agarose gel (QIAquick Gel Extraction Kit, QIAGEN) andevsaquenced

directly by Sanger sequencing.

When the chromatogram of a sample shows single peaks, sequence is diiguotlg @alith
reference sequence (IR64, Rice S8tk Database, IRIC).

When double peakwere observed, the chromatogramas subjectedo online indel detection
tools Poly Peak ParséHill et al., 2014)to detect the alternative sequences and T{Bithkman

et al.,2014)}o determine the frequency of the ali@ive sequences. Manual checking was also
performed subsequently, due to the minor errors and limitation of eathSamples with the
ratio of [frequency of alternative sequence] : [frequency of WT sequence] gifeater0.8 : 1
were arbitrarily selected. At TO generation, such plants were considered azyggias mutants
(having germline mutation) and were brought to further generation.

Southern Blotting

Southern blotting technique was employed to assess {B&A copy number of the T2
transgenic [ants. Twelve micrograms of DNA sample was digested using Xbal (Nevarithg
Biolabs, USA) at 37°C for 16 hrs. The digested samples were then separate@l @4iragarose
gel electrophoresis with 1X TAE buffer at 30 volts overnight. fIdeled molecular weht
marker Il (Roche Diagnostics, Germany) was used to determine the appalenilancsize of
the bands. Uttransformed rice was used as negative control. Two samples of Cas9 PR posi
were used as positive control. The gel was processed in prepai@tineutral transfer. DNA
was transferred from the gel into Hybond Nylon+ membrane (GE Healthc&)e, wsing
capillary method and neutral transfer buffer using 20X SSC (0.3-Bbdiium citrate acetate
dehydrate, pH 7.0, in 3 M NaCl). The blots were hybridized with probe esizthd using PCR
DIG Probe Synthesis Kit (Roche Diagnostics, Germany) using pringesifis to the
Hygromycin gene (HpttF and HptltR). Hybridization was done at 42°C overnight and washed
the next day. AntDIG Fab FragmerAP conjugate (Roche Diagnostics, Germany) was used to
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detect the DIG labeled probe. The blots were detected usingStd?etection Reagent (Roche
Diagnostics, Germany) following manufacturers protocols.

Microscopy

Middle portion (about 10 cm long) of the ymgest fully expanded leaf of each plant was
sampled at maximum tillering stage. The adaxial (upper) epiderrdisrasophyll cells were
gently scratched and removed with a razor blade. The near transparent abagrlgpdermis
was allowed to remain andas transferred to a glass slide with water.

Transmitted bright field images were captured with Olympus BX61 connected tmankédisu
ORCAFlash2.8 camera (0.090 €rarea image under 10 x magnification), Olympus BX63
microscope connected to an Olympus DP@amera (0.144 cmarea image under 10 x
magnification), or Olympus BX51 microscope connected to an Olympud @Bmera (0.144
cnt area image under 10 x magnification). Images of 5 areas of each ledé semp taken for

stomata counting.
Off-target Analysis

The CasOFFinder(Bae et al., 2014yvas used to identify the potential @éfrget sites in rice.
Several parameters from higher stringency to lower stringency wereyad, as shown below:

a) Mismatch=1; DNA Bulge Size=0; RNA Bulge Size=0
b) Mismatch=2; DM Bulge Size=0; RNA Bulge Size=0
c) Mismatch=3; DNA Bulge Size=0; RNA Bulge Size=0
d) Mismatch=0; DNA Bulge Size=1; RNA Bulge Size=1
e) Mismatch=1; DNA Bulge Size=1; RNA Bulge Size=1
f) Mismatch=2; DNA Bulge Size=1; RNA Bulge Size=1
g) Mismatch=3; DNA Bulge Size=1; RNA Bulge Size=1
h) Mismatch=0; DNA Bulge Size=2; RNA Bulge Size=2
i) Mismatch=1; DNA Bulge Size=2; RNA Bulge Size=2

All identified sites were mapped in rice IR64 genome. The sites that were sultgesapped
in IR64 genome were ranked according to less disturdedotre disturbed at 5 to 12 positions
beyond the tracrRNA:crRNA (ref add). The 10 highest ranked sites were selected.
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Primers were designed flanking the potentialtaffjet sites (Table S1). PCR products (amplified

with Q5® HighFidelity DNA Polymerase, BB) were sequenced directly.

Results

CRISPR-Cas9 and CRISPRCpfl mediated genome editing in TO transgenic

rice

To investigate the editing efficiency of Cas9 and Cpfliavgetedhe ArabidopsisEPFL9 gene

orthologue in ricewhich is an important posie regulator of stomatal developmental pathway
as found inArabidopsis(Hunt et al., 2010; Rychel et al., 2010; Takata et al., 2013; van Campen

et al., 2016). Using both nucleasesCas9 and Cpflwe targeted exet of the EPFL9 gene

(Figure S3) The Cpfltarget sequence in this study wafosenvery close to the Cas9 target

sequencdor more accurateomparisorn(Figure land Figure SB In case of both Cas9 and Cpfl

targets chosen, the cleavage site is after the start codon (underlinedfigutk) theresult of
which would be the disruption of the ORF of #@FL9 gene

Cpfl Cas9
TargetTarget

EPFL9-seq-F  §3082
\J/
A - - T =0

EPFL9-seq-R

Exon 3

3’'UTR -——

5 - TCTATCCATTTGTTTGAAGAAGGBTGEGCCAATGCTT

Gq
CGA

CCCACATCTACCACAA
IACGGGGTGTAGATGGT

PCTCCTTGCCCCICTTC
GTTCGAGGAACBGGGAGAAG

B 3' - AGATAGGTAAACAAACTTCTTCCCAATACCGGTTA
C 5 - TCTATCCATTTSTTIGAAGAAGGBTEGGCCAATGCT
3’ - AGATAGGTAAACAAACTTCTTCCCAATACCGGTTA

GCCCCACATCTACCACAAGCTCCTTGCCCCICTTC
[GAACGGGGTGTAGATGGTGTTCGAGGAACEBGGGAGAAG

Figure 1. Designed target sites ofhe OEPFL9 gene forthe Cas9 and Cpfl systemA. Gene structure of the

OsEPFL9gene. The target sites of Cpfl and Cas9 are both located on thg seduence dte first exon. B.
Target site of Cas@sEPFL9(red boxe¥ of which the smaller box shows the PAM; C. Target site of Lbpitie

boxes)of which the smaller box shows the PAM.
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One hundred TO plants of each constrtitat were PCR positév/for the nucleaséCas9F and
Cas9R for pCambiaCRISPR_Cas®PFL9 plants, LbCpfF and LbCpfiR for pCambia
LbCpfl-EEFL9 plants) were analyzed by the Surveyor assay. The PCR product of samples that
were positive in the Surveyor assasre sequenced diotly, using the primers flanking the
target region EPFL9seqF and EPFL3segR, Figure 2A). From the 100 pCambia
CRISPR_Cas®PFLI9TO plants that were analyzed, 4 showed double peaks in the sequencing
chromatogran(Figure Sl)that indicated heterozygowgene editedplants (4%). For the 100
pCambialLbCpfl-EPFL9plants that were analyzed, 10 showdedibledpeaks in the sequencing
chromatogranfFigure S2hat indicated heterozygous plants (10%).

A pCambia-CRISPR_Cas9-EPFL9
13 24 WT M M 43

4 D

100

r e

800bp | = 2% (. |795bp 800 bp 795 bp

500 bp | e— ;
400bp a63bp - :E " |a63bp

300 bp 332bp 332bp

795 bp - _ f— 850 bp 300 bp

463bp 500bp

ot 400 bp
P 300 bp

UK (=
i

B  pCambia-LbCpf1-EPFL9
M 01 M WT 06 09 17 31 41 51 53 61 64

800 bp R e — — — — — — \— \— | 795 bD

200bp ' - 463 bp
300 bp 332 bp

850 bp . -! 795 bp

500 bp ' 463bp

400 bp
300bp . [332bp

Figure 2. pCambiaCRISPR_Cas9EPFL9 (A) and pCambia-LbCpfl-EPFL9 samples thattested positive in

the Surveyor assay.
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Detailed sequence analyg¢isgure 3)of the pCambieCRISPR_Cas®PFL9plants showed that
the maximum deletion siagas37 bp, and the minimum deletion siwas4 bp,averagingabout
13 bp. For thggCambialLbCpfl-EPFL9plants, the maximum mutation sin&s63 bp, and the
minimum deletion siz&vas 1 bp,with an averagef about 13.5op.

A

SpCas9

Reference AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAARGGETCAATG CT"E}Z‘TAOATCT ACEAO\A&?TCC" TGCCCCTCTTCTTCCTCTTC
Cas9- 013 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBEEICAATGCTT- CCTCTTC

Cas9- 024 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABGEGCAATGCTTGCCCCACA----CCACAAGCTCCTTGCCCCTCTTCTTCCTCT
Cas9- 043 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTT G'I'I'I'GAAGAAZI'I}GUCAATGCTTGC CCCACA----CCACAAGCTCCTTGCCCCTCTTCTTCCTCT
Cas9- 100 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBEEICAATGCTTGCCCCACA--------- AGCTCCTTGCCCCTCTTCTTCCTCTTC

B
LbCpf 1

Reference AATCCAGGCACACCACCATCCTCCCATTCTCTATCCA I G I TGAAGAARGGETCAATGCT kECCCCACATCTACCACAAGCTCCTI'G CCCCTCTTCTTCCT
Cpfl - 001 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBSEH-1-----TGCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTTC
Cpf1 - 006 AATCCaG GCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTTC

Cpfl-009 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBIE------TTGCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTT!
Cpfl - 017 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBIEKC-----TTGCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTI
Cpfl - 031 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABTBIEHT--GCTTGCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTT
Cpfl - 041 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBIEKC----------CCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTTC
Cpfl - 051 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBEEC----------CCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTTC
Cpfl - 053 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTT GTTTGAAGAAZ‘EEUC ----- TTGCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTCTT
Cpfl - 061 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBIGEICATGCTTGCCCCACATCTACCACAAGCTCCTTGCCCCTCTTCTTCCTC
Cpfl - 064 AATCCAGGCACACCACCATCCTCCCATTCTCTATCCATTTGTTTGAAGAABBESKICAAT GCT-----mnnwmmmem memmee CCTTGCCCCTCTTCTTCCTCTTC

Figure 3. Sequences of the mutation induced by the Cas9 system (A) and the LbCpfl system (B)

The score for the probable gRNA ontarget activity using DESKGEN software
(www.deskgen.comshowed 6% likelihood for the CasEPFL9 while the Cpflshowedonly
8% likelihood (Figure 4. Our results showhat,even with much loweprobablegRNA ontarget
activity, the Cgl system still producedhigher percentage stablyedited mutants.
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TCTCTATCCATTTS GARGAAGGGTTATGGCCAATGCTTGCCCCACRICTACCACARGCTCCTTGCLCC
“l_l_ﬂ_l ]

AARGRGATAGGTARACARACTOLTTCCCAATACCGGTTACGAACGGGGTGTAGATGGTGTTCGAGGARCGGGG

AARGAGATAGGTRAARCARARCTTCTTCCCARTACCGGTTAL GARLCGGGGTGTAGATGGTGTTCGAGGAACGGGG

Figure 4. Scoring of Cas3EPFL9 (A) and Cpfl-EPFL9 (B) on-target activity using DESKGEN.

The size of the mutation induced by the two systems were compardhke.inducedDNA
doublestrand breaks repaired bythe NHEJ repair pathwawy plants and is affected dgcal
micro-homolog@usDNA sequences. For this reason, we chose the Cpfl target site that was close
to the target site dhe Cas9 mutatedite. Despte the fact thalow gRNA on-target activitywas
predictedoy DESKGENIn the Cpfl target sitg 8% probabilityfor the Cpfl system, vs. é®for

the Cas9 system), more than doutile percentageof edited plants were observedith the
LbCpfl systemin TO. Taking into account the high similarity of the vector design of the two
systens in this study(Figure S4 and S5jheresultindicatesthat the LbCpfl systemmay also be

an efficientgenomeediting tool for rice and reports application of Cpflaiplant system.

Segregation of targeted mutationn the T1 generation

Event 13 and 24f pCambiaCRISPR_Cas®PFL9 were takento the T1 generation.The
Surveyorassayalong with thedirect sequencing adhe PCR productwereperformed on the T1
plants. Many T1 samples showed digested bands in the Surveyor Assagqlileacing results

were seen to have the expechMendeliansegregation pattern (Tablg. As shownin Figure 5,
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homozygous (highlighted in green), heterozygous (highlighted llow)eand azygous (no
highlight) were confirmedy analyzing the chromatogram of the secing results (data not
shown).Furthermore, the mutation seen in T1 plants was the same as ifQhearent plars
This confirmed that the mutation in the TO plantsindeeda germline mutation.

PCRanalysisof the tested T1 plants of event aBstill harbarredthe Cas9 gendlowever,with

event 24,two progeny(07 and 08were Cas9 PCR negative and walgo homozygoudor the
targeted mutation. This result shows that Cae® homozygous mutants can beaofred as
early agheT1 generatiornn rice.

It is interesting to note that in the case of CRISEHRL event 006 TO and T1 lines there is a
difference in the sizes of the band produced after the Surveryor assayuirMego$ assay,
involves the hybridizaon of a wild type DNA strand and a transgene DNA strand. The
Surveryor enzyme is known to cut the DNA at a location where it enceumt@smatch The
mismatch in case d@he event 006is 63 bp may have contributed to the shifts in band sizes and
an ncrease in band numbers that are observed in the Surveyor assay. Anoghef mote is the

T1 plant Cpft006-0Xfigure S9) which seems to have developed a new mutation which was not
present in the TO due to the action of the transgene. After sequéneimg discovered that the
mutation was different from the rest of the plants of that event, perhtapduced by the
transgene. The reason for it being Surveyor positive is the fact thatzhmaesis only capable of
displaying if a given sequence hamatation or not when compared to the wild type; but not the
nature and exact details of the said mutation.
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Figure 5. PCR of Cas%nd Cpfl gene and Surveyor assay of selected TO and T1 plams.All T1 progenies of
event 13 that were tested werdl gtositive in Cas9 PCRclear digested bands were seen in T1 progenies. B. Three
T1 progenies of event 2derenegative in Cas9 PCR, of which two were confirmed by sequencing to havéedheri
the mutation at the target site. Homozygous plants are higklilgin greet®0; heterozygous plants are hitjghted

in yellow 00.

Table 1 Segregation of the CRSPR-Cas9and Cpflinduced mutation at T1 generation.

CRISPR | Event TO Mutation Number of T1 Number of T1 Number of T1
Homozygous Heterozygous Azygous
Cas9 013 | 37 bp deletion 4/16 25.00% 9/16 56.25% 3/16 18.75%
024 | 4 bp deletion 4/14 28.57% 8/14 57.14% 2/14  14.29%
Cpfl 006 | 60 bp deletion and ¢ 1/6 16.67% 2/6  33.33% 3/6  50.00%
3 bp scar
009 | 6 bp deletion 1/5 20.00% 3/5 60.00% 1/5 20.00%

Screening ofthe Cas9free homozygous mutant at T2 generation

Table2 shows the T1 lines that were selected and brofagiard to the T2 generation. Three
homozygous lines of each event were selected, and for event 24, the two Gas@ddive
lines were included. Oneeterozygous line of each evemasalso advanced as a backup if the

homozygous lines gave no real Cdise progenies.

Table 2 List of T1 linesof pCambia-CRISPR_Cas9EPFL9 advanced to T2 generation.

TO T1 Generation
Event | Progeny | Cas9 | Targeted Mutation Reason to Advance to T2

13 01 + heterozygous Backup, if homozygous lines give no CdsSe progenies
02 + homozygous To select Cas®ree homozygous
11 + homozygous To select Cas®ree homozygous
13 + homozygous To select Cas®ree homozygous

24 01 + heterozygous Backup, if homozygous linesage no Casdree progenies
04 + homozygous To select Cas®ree homozygous
07 - homozygous To confirm Cas9ree homozygous mutant
08 - homozygous To confirm Cas9ree homozygous mutant




369
370
371

372
373
374
375

376
377

378
379
380

381

382

Thirty seedof each T1 line were germinated. All germinated plants were immediatelynedree
by PCR usingthe Cas9F and Cas®R primer pair. Plantswith negative PCR results were
selected for sequencing of the target region.

One T2 progeny 0€as9013-01, one 0fCas9013-02 and one o€as9013-11wasCas9 PCR
negative. Five T2 progenies 68s9013-13 were Cas9 PCR negative and were sequenced. The
sequencing results of all fivénes showed a homozygous targeted mutation, whievas
consistent with their TO and T1 parent plants (data not shown).

Eight T2 progenies o€as9024-01 and seven o€as9024-04 were Cas9 PCR negative, while
all T2 progenies o€as9024-07 andCas9024-08 were Cas9 PCR negative (data not shown).

We selected five T2 progenies ©8s9024-07 and 4 five PCR negative T2 progenies Gas9
013413, as well as two Cas9 PCR positive as positive canfirdm Cas9024-01) to perform
Southern Blot to confirm the Cas9 PCR negative plamrte Cas9free (Figure 6).
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Figure 6. Southern Blot of selected 8s9 PCR negative plants.A. Cas9 PCR using primer CaB%nd Cas®R,
the green boxes indicate Cas9 free plants, the red boxes indicate the p3Riw®ntrols B. Southern Blot, the
green boxes indicate transfene free plants, the red boxes are the positrol for the transgene

Analysis of alteredstomatal phenotype in theedited homozygous transgene

free T2 plants

The average stomatal density of thedal epidermis in the middle portion tife 6thleaf was
measured ahe maximum tillering stageT2 CasSEPFL9plantswith homozygous mutaticat
thetarget site were measured.

Figure 7shows the average stomatal density of event 13 and event 24 of T2 homo2ggOus
EPFL9 plants compared to theild-type control. Both events were seen to have nibeman
eightfold decrease in the average stomatal denghis clearly demonstrates the importance of
OsEPFL9 expression for stomatal production rice and strongly supports the role tfe
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stomagen peptiderthologuen rice epidermal development. Faermore, it identifie©sEPFL9
as a useful target genmeplanta for tractable testing of gene targeting techniques.
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Figure 7. Average stomatal density of homozygous CRISPRPFL9 T2 plants comparal to wild-type
controls. Events 13 and 24 showed signdantly lower stomatal density compare to wildtype control (Post hoc
comparison using LSD, p<0.05).

Analysis of Potential Ofttarget Effects of CRISPR-Cas9 modified plants

CasOFFinder(Bae et al., 2014yvasusedto identify potential ofttarget loci inthe rice genome.
The 10 lociwith the highestanking offtarget potential were aligneéd thelR64 genome and
primers were designed to amplify each region (Table 3). Two T2-fBashomozygous mutant
plants were analyzedCas9013-1329 and Cas9024-07-03. The same regions were also
amplified using wildtype genomic DNAas comparisarSequencing chromatograms are shown
in Figure 9.0. The primers that were used for amplifying these regions are listed in Table S1.

Table 3.Ten highest possible off target sites as found by the G&d~Finder.
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No. Sequence (5'to 3") Chromosome  Mismatch Bulge Size Position

Off-01 GGAGCTTTTGGTAGATCARAG 06 3 0 intron
G
Off-02 GCAGCTTGTGGTTGCTGTGGG 04 3 0 CDS
Off-03 GGTGCTTGTGGTGATGTGGG 02 1 1 intergenic
Off-04 GGAGTTGTGGTAGATTGEGG 03 2 1 intron
Off-05 GAAGTTGTAGTAGATGTGCGG 03 2 1 CDS
Off-06 CGAGCTTGTGGTAGCGT&GG 04 2 1 intergenic
Off-07 GGATCTTGTGGTAGTATATGSEG 02 2 1 intergenic
G
Off-08 GGTGTTGTGGTAGACGTE&GG 06 2 1 intergenic
Off-09 GGATCTTGGGTGGATGTAGG 01 2 1 intergenic
Off-10 GGATTTTGGTAGATGTACGG 05 1 2 Intergenic

No secondry off target mutations werdetected neato the potential oftarget loci inCas9
EPFL9 plants. A previous study reported that 5 to 12 positions beyond the tracriRRIMAC
basepairing nteraction are important for efficient Cas9 binding and target recogiicek et
al., 2012). The target sequence identified in this study was selected to jpossible oftarget
sequencegthat haveoverall similarity to the desired target.

All Cas9EPFL9plants with homozygous target mutasomere seen to have drastic reducsion
in stomatal density, including Ca§®e plants. No offarget effects were found in the Cefs®e
homozygous mutant plants from potential-tafifget analysis. The resultadicate that the
phenotypewas due to the dysfunction of the stomatal development related EBR¢9 as
reported previouslyHunt et al., 2010)

Discussion

In the current scenario of researskistems biology plays an important role in the identificatio

of genes that are involved in the regulation of the multitude of pathwaysnidialeea plant to

grow and survive. The approach used by systems biology of collecting agtatmg data
generated by studying the plant under differesdbmics’ viz. genomics, phenomics,
transcriptomics, metabolomics, ionomics, etc. have generated data tandeimderstand the
various genes that are involved in plant developm#&fatried systems biology approaches have
been used tassessinderstand and fill the gaps in between the genes and metabolites and the
underlying interaction between the genes and the regulators andxpegssion, involving both
BOTTOM-UP and TOFDOWN approach&aitoet al. 2010; Yoshida et al., 201@ut as new



434 data arebeing generated, funomal validation of said gene$sa becomes extremely important
435 to actually visualize the effects of said genes on a plant. The anasedl method for this kind
436  of validation is the loss of function of genes and to see how doéssthef the gersaffectthe

437  growth of a plant. While in the past several methods have been usectatgdoss of function

438  mutants in plants, none have been precise and accurate resulting in knotkralégsired genes
439 and genomic locations. With the advent of genome editing it has nownbepossible to
440  precisely target particular locations in the genome of our interest thpischa generation loss
441  of function mutants in the genes of interest and help in functionally taltie genes new or
442  known and visualize the intextion amongst, completing the small gaps in the picture that was
443  created by systems biology approach.

444  Several genome editing tools have been discovered prior to CRISPRIOA none of them
445  surpassed its ease of use and efficigfitsu et al.,, 2014; Kumaand Jain, 2015; Liang et al.,
446  2014). All of these genomediting toolsrely on a system that has a DNA sequeresognizing
447  element and a DN4&leavingelement to induce genome modificasotunlike the Zinc finger
448 nucleases or TALEN (transcription activalike effector nucleases) which use protein
449 complexes to serve as DNA recognizing elements, CRISPR/Cas9 makes uset dRNAO
450 molecules (sgRNA) that can be modified easily and cheafalytas, 2013; Chen and Gao, 2013;
451  Mali et al., 2013; Reyon et akR012) The attractiveness of this genome engineering tool has
452  been proven by its wide adoption in animals, particularly in anegli and in plant§liang et al.,
453  2013; Fu et al., 2013; Brooks et al., 2014; Chang et al., 2013; Cho et al., 2013; Deri&adhand
454  2013; Friedland et al., 2013lRecentdevelopment othe technology expanded its capacity, by
455  altering the nuclease domain of the enzyme and adding a nuelewdifying enzyme With
456  this, researchersnvere able to induce specific single nucleotideanges to human genes
457  responsible for genetic diseagelsomor et al., 2016; Polksy, 2016puch modifications would
458  be useful for plant systemif introduced inthe correct wayandin the correct context. Recént
459 genome editing bgingle strand oligoraleotide coupled wh CRISPRassociategroteinwas
460 demonstratedSauer et al., 2016)This provides a promising tool for future application of SNP
461  modifications forcrop plantsFurthermorejntron mediated sitspecific gene replacement and
462  insertion oens up new doarfor generating mutatiorallele replacementsy NHEJ(Li et al.,
463  2016). Successful application of transiently expressed CRIG&R or in vitro transcripts of
464 Cas9 coding sequence and guide RiNAvheat callus cells showed efficient genoaakting in
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hexaploid bread wheat, as well as tetraploidudurwheat (Zhang et al., 2016) This system
shows promiséor applicationacrossa range otrop speciedt will also be important toidentify
further unique nucleaseghat target more efficiety than Cas9 Cas9targetingis generdly
restricted to the G/C rich area of the genomelusion ofCpfl with its capability of targeting
T/A rich area of the genomewould increase theavailable editing toolsand permit broader
coverage of the genoméat can be editedRecent studies have shown the use of Cpfl to
successfully edit the rice genome (Xu et al.,2016; Endo et al., . 205Isodemonstrate here
that CRISPRCpfl mediated successfatliting of rice gene.

As it was seen in the Surveyor Asdag presence of the tragene in subsequent generations
could giverise to new mutations indicating that the transgerstill active. Thus it is important
to obtain transgene free, stable mutants in the subsequent genetatmgreement witlother
reportswe showsuccessful transmission génomeedits througlsubsequergenerationgnd the
productionof cleanhomozygous lines

Classical transgenic development happens by introdubaGOI (Geneof Interest)randomly

into the genomewhich results ina large amount of downstream work to characterize the
offspring in search of a suitable event where the GOI has landed ire dosatdevoid of
unwanted effectsCRISPRmediated gene editing camd targetedgene insertn to a particular
locus by its umue gRNANucleaseaided sitespecific targeting. Moreover, the CRISPR system
(Cas9Cpfl-gRNA) is not requirel to remain in the genomandcan be segregated out after the
editing iscomplete The final product ighereforetransgene free and thus may re@gquno/less
legislativelegal regulation, whichcould reduce the financial burden of premarket appreveal
also increase the social acceptancgesfomeedited crops. In this work, wdemonstratéhat the

role of the epidermal patterning fact&PFL9stonagenis a positive regulator of stomatal
developmenin rice; thattramrsgenefree homozygous gene editing is possible as earllieafl
generationand furthermoreve report the application d@RISPRCpfl in plans. This proves
that this new method of geme editing can be applied to create loss of function mutants and
thus help in validatingputative candidate genes for early development in pldw integration

of both the ability to find novel genes and to visualize the interaction bptdifferent gaees,

and functionally validate thenn vivo will lead to a better understanding of how early
development in plant proceeds ahead.
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