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TARGETED VIRAL-MEDIATED PLANT GENOME EDITING USING CRISPR /Cas9

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority benefit of U.S. Provisional Patent Application Serial
No. 62/011,124 filed on June 12, 2014 and titled “TARGETED VIRAL-MEDIATED PLANT
GENOME EDITING USING CRISPR/CAS9” and U.S. Provisional Patent Application Serial
No. 62/014,309 filed on June 19, 2014 and titled “TARGETED VIRAL-MEDIATED PLANT
GENOME EDITING USING CRISPR/CAS9” the entire disclosures of which are herein
incorporated by reference in their entireties.

FIELD OF THE DISCLOSURE

The present disclosure relates to methods of generating targeted mutations in a plant

genome by delivering a guide polynucleotide to a plant cell expressing Cas9 endonuclease.
SEQUENCE LISTING

The present application includes a sequence listing incorporated herein by reference
in its entirety. The information recorded in computer readable form on the electronic version
referenced herein is identical to the written sequence listing published with the referenced PCT
application.

BACKGROUND

Targeted plant genome editing will enable functional genetic and genomic studies, as
well as help to discover, expand, and develop novel traits of agricultural importance for feed
and fodder (Pennisi, E. (2010) Science 327: 802-803). Owing to the inefficiencies of the
homology-directed repair process in plant cells, current research aimed at targeted genetic
modification in plants is focused on generating targeted double-strand breaks (DSBs) and
harnessing the two main DSB repair pathways: imprecise non-homologous end-joining and
precise homology-directed repair (Voytas, D.F. (2013) Ann. Rev. Plant Biol. 64: 327-350).
Enzymes that can be easily modified to bind specifically to user-selected genomic
sequences and create DSBs do not exist in nature, but can be generated de novo as
synthetic bimodular proteins containing a DNA-binding module engineered to bind a user-
defined sequence along with a DNA-cleaving module capable of making DSBs in the
genome. Several types of DNA-binding domains have been engineered to confer sequence
specificity, including homing endonucleases, zinc finger nucleases (ZFNs), and transcription
activator-like proteins. Customization of these genome-editing platforms requires protein
engineering, a time-consuming and labor-intensive process (Puchta et al., (2014) Plant J. 78:
727-741). Furthermore, delivery of genome-engineering reagents into cells is a major barrier
to the effective use of these technologies in discovering or designing novel traits (Baltes et
al., (2014) Plant Cell 26: 151-163).
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The recently developed CRISPR/Cas9 system has been used across eukaryotic
species for targeted genome editing (Cong et al., (2013) Science 339: 819-823; Mali et al.,
(2013) Science 339, 823-826). This system comprises the Cas9 endonuclease of
Streptococcus pyogenes and a synthetic guide RNA (gRNA) molecule that combines the
functions of CRISPR RNA (cRNA) and transactivating cRNA (tracrRNA). The gRNA directs
the Cas9 endonuclease to a target sequence complementary to 20 nucleotides preceding a
protospacer-associated motif (PAM) NGG sequence required for Cas9 activity (Jinek et al.,
(2012) Science 337: 816-821). Owing to the specificity of the system and the fact that its
targeting is determined by the 20-nucleotide sequence of the gRNA molecule, this system
allows unprecedentedly facile engineering. Furthermore, it is amenable to multiplexing in
cells in which delivery and expression of the reagents is feasible. Several studies have
reported the applicability of the CRISPR/Cas9 system to in planta genome editing in several
plant species including rice, Nicotiana benthamiana, and Arabidopsis (Nekrasov et al., (2013)
Nature Biotechnol. 31: 691-693; Shan et al., (2013) Nature Biotechnol. 31: 686-688; Li et al.,
(2013) Nature Biotechnol. 31: 688-691). In these studies, to achieve moderate efficiencies
of targeted genome modification, it was necessary to generate transformant lines that stably
expressed the Cas9 and gRNA molecules; the heritability of the resultant modifications was
monitored in subsequent generations. It is time-consuming to generate these stably
expressing lines; therefore, efficient delivery methods are urgently needed to expedite and
maximize the usefulness of this technology for trait discovery and development. Currently,
the lack of efficient delivery methods represents a major barrier to achieving highly efficient
targeted modification across plant species.

SUMMARY

Efficient targeted genomic editing holds much promise in the discovery and
development of highly important agricultural traits. Clustered Regularly Interspaced
Palindromic Repeats (CRISPRs)/ CRISPR associated (Cas) type |l systems have been
employed for targeted genome editing applications across eukaryotic species including
plants. Stable expression of Cas9 and gRNA transgenes is required for editing plant genes,
and multiplexing is a challenging task. The present disclosure provides a viral-mediated
genome-editing platform that facilitates multiplexing, obviates stable transformation, and is
applicable across plant species. The RNA2 genome of the tobacco rattle virus (TRV), used
frequently in Virus-Induced Gene Signalling (VIGS) applications, was engineered to carry
and systemically deliver the guide RNA molecules into Nicotiana benthamiana plants
overexpressing Cas9 endonuclease. High genomic modification frequencies were observed
in inoculated as well as systemic leaves including the plant growing points. This system
facilitates multiplexing and can lead to germinal transmission of the genomic modifications in
the progeny, thereby obviating the requirements of repeated transformations and tissue
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culture. The editing platform of the disclosure is useful in plant genome engineering and
applicable across plant species amenable to viral infections for agricultural biotechnology
applications.

One aspect of the disclosure encompasses embodiments of a method for modifying
a target site in the genome of a plant cell, the method comprising providing a nucleic acid
sequence encoding a guide RNA-PAM to a plant cell having a Cas endonuclease, wherein
the guide RNA is delivered to the plant cell by a plant virus vector, and wherein said guide
RNA and Cas endonuclease are capable of forming a complex that enables the Cas
endonuclease to introduce a double strand break at said target site.

In some embodiments of this aspect of the disclosure, the plant virus vector can be a
genome of the Tobacco Rattle Virus (TRV).

In some embodiments of this aspect of the disclosure, the nucleic acid sequence
encoding a guide RNA-PAM can be inserted into the TRV-RNA2 genome of the TRV-derived
vector.

In some embodiments of this aspect of the disclosure, the method can further
comprise targeting a plurality of target sites in the same recipient plant cell or cells, wherein
step (a) of said method comprises delivering to the plant cell expressing a Cas9
endonuclease a plurality of recombinant viral vectors, wherein said viral vectors each
independently comprises a nucleic acid sequence encoding a guide RNA-PAM
complementary to a targeted region of the plant cell genome and a Protospacer Adjacent
Motif (PAM), and wherein each member of the plurality of recombinant viral vectors
comprises a gRNA-PAM sequence not found in the other recombinant viral vectors delivered
to the plant cell.

Another aspect of the of this aspect disclosure encompasses embodiments of a
method for modifying a target site in the genome of a plant cell, the method comprising
providing a nucleic acid sequence encoding a guide RNA-PAM to a plant cell having a Cas
endonuclease, and optionally a polynucleotide modification template, wherein the guide
RNA, and optionally the polynucleotide modification template, is delivered to the plant cell by
a plant virus vector, and wherein said guide RNA and Cas endonuclease can be capable of
forming a complex that enables the Cas endonuclease to introduce a double strand break at
said target site, and wherein said polynucleotide modification template comprises at least
one nucleotide modification of said target site.

In some embodiments of this aspect of the methods of the disclosure, the target site
in the genome of a cell can be selected from the group consisting of a promoter sequence, a
terminator sequence, a regulatory element sequence, a splice site, a coding sequence, a

polyubiquitination site, an intron site, and an intron enhancing motif.
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Another aspect of the disclosure encompasses embodiments of a recombinant
nucleic acid construct comprising a plant virus vector comprising a promoter operably linked
to a nucleic acid sequence encoding a guide RNA-PAM, wherein said guide RNA can be
capable of forming a complex with a plant optimized Cas9 endonuclease, and wherein said
complex is capable of binding to and creating a double strand break in a genomic target
sequence said plant genome.

In some embodiments of this aspect of the disclosure, the plant virus vector is a
genome of the Tobacco Rattle Virus (TRV).

In some embodiments of this aspect of the disclosure, the nucleic acid sequence
encoding a guide RNA-PAM can be inserted into the TRV-RNA2 genome of the TRV-derived
vector.

Another aspect of the disclosure encompasses embodiments of a genetically
modified plant, or a progeny thereof, generated by a method for modifying a target site in the
genome of a plant cell, the method comprising genetically modifying plant cell or cells or
cells having a Cas endonuclease by providing to said cell or cells a recombinant nucleic acid
construct comprising a nucleic acid sequence encoding a guide RNA-PAM, and optionally a
polynucleotide modification template, wherein the guide RNA-PAM, and optionally the
polynucleotide modification template, is delivered to the plant cell or cells by a plant virus
vector, and wherein said guide RNA-PAM and Cas endonuclease are capable of forming a
complex that enables the Cas endonuclease to introduce a double strand break at said
target site, and wherein said polynucleotide modification template comprises at least one
nucleotide modification of said target site; culturing the genetically modifying plant cell or
cells or cells to generate a plant embryo or mature plant; and optionally generating progeny
from said embryo or mature plant.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood with reference to the
following drawings.

Figs. 1A-1D illustrate targeted genome modification in p/anta using TRV.

Fig. 1A schematically illustrates the experimental scheme of the methods of the
disclosure.

Fig. 1B illustrates T7 endonuclease 1 (T7E1)-based mutation analysis in inoculated
and systemic leaves. Samples were collected from inoculated and systemic leaves. Ten
days after infection (10DAI) genomic DNA was enriched with Ncol and the PCR products
subjected to T7E1. Mutation was detected in leaves in inoculated (lane 3) and systemic
leaves (lane 4, 5, 7) both only in plants co-infiltrated with pYL192, but not in systemic leaves
of plants infiltrated only with SPDK.pEBV::PDS.gRNA (Lane 6) or pYL156.U6::PDS.gRNA
with pYL192 (Lane 8). Lanes 1 and 2 are controls.
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Fig. 1C illustrates the alignment of reads (SEQ ID NO: 124-129 against SEQ ID NO:
123) from the PCR product cloned and Sanger sequenced from inoculated leaves. Topmost
is the WT sequence (SEQ ID NO: 123) (target sequence is underlined, the Ncol site is
indicated by a line and the PAM by dots), followed by the number of different indels formed
to the right of sequence (- means deletion of x nucleotides and + means insertion of x
nucleotides).

Fig. 1D illustrates the alignment of reads (SEQ ID NO: 130-136 against SEQ ID NO:
123) from the PCR product cloned and Sanger sequenced from systemic leaves. Topmost is
the WT sequence (SEQ ID NO: 123) (target sequence is underlined, the Ncol site is
indicated by a line and the PAM by dots), followed by the number of different indels formed
to the right of sequence (- means deletion of x nucleotides and + means insertion of x
nucleotides).

Figs. 2A-2C illustrate mutation analyses for NB.PCNA and genomic target
multiplexing.

Fig. 2A illustrates a T7 Endonuclease1 (T7E1)-based NB.PCNA mutation analysis on
PCR product from gDNA. Cas9-expressing plants were co-infiltrated with
SPDK.pEBV::PCNA.sgRNA, and pYL192. Three independent plants (Lanes 1, 2, and 3)
clearly show indel formation compared to vector control (Lanes 4, 5, and 6).

Fig. 2B illustrates the alignment of reads (SEQ ID NO: 138-141 against SEQ ID NO:
137) from the PCR product Sanger sequenced clones. Topmost is the WT sequence
(target sequence is underlined, Ncol site is indicated by a line and PAM by dots), followed by
the number of different indels formed to the right of sequence (- means deletion of x
nucleotides and + means insertion of x nucleotides).

Fig. 2C illustrates the multiplexing of different target mutations. gDNA samples were
collected from Cas9-expressing plants co-infiltrated with SPDK.pEBV::PDS.sgRNA,
SPDK.pEBV::PCNA.sgRNA and pYL192. PCR was performed independently for PDS3 and
PCNA with respective primers. PCR product was subjected to T7E1 digestion. The PCNA3
mutation is shown in lane 3 and 4, and the PDS mutation is shown in lanes 7 and8. Lane 1
is vector control.

Figs 3A-3D illustrate in planta Cas9 nuclear localization and expression.

Fig. 3A illustrates Cas9-GFP and Cas9 constructs in binary vectors for Cas9
localization and for generating Cas9-expressing Nicotiana benthamiana. NLS, Nuclear
Localization Signal, 3X Flag tag.

Fig. 3B illustrates Cas9-GFP localization in infiltrated leaves, visualized by confocal
microscopy. DAPI was used to stain nuclei. DAPI and GFP merge to the cell nuclei.

Fig. 3C illustrates Cas9 expression confirmation in transgenic N. benthamiana by
Semi-quantitative RT-PCR. Actin1 was used as normalization control.
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Fig. 3D illustrates Cas9 expression confirmation by western blot in T2 lines. Anti-flag
antibody was used to detect flag-Cas9 in transgenic N. benthamiana. Lower panel was used
as protein loading control.

Fig. 4A illustrates TRV RNA1 and RNA2 organization and modification for targeted
genome editing in planta. RNA1 in binary system: LB (lift border); p35S (2x CaMV 35S
promoter); RARP (134/194kDa RNA dependent RNA polymerase); MP (Movement protein);
16k (cysteine rich protein); Rz (self-cleaving ribozyme); Tnos (nopaline synthase terminator);
RB (right border). RNA2: LB, 2x35S; CP (Coat protein); MCS (multiple cloning sites); Rz;
Tnos; and RB. In the RNA2-UG::gRNA, sgRNA under AtU6 promoter was ligated in the
MCS. In RNA2-pEBV-gRNA, sgRNA was inserted to be under the pEBV viral promoter.

Fig. 4B illustrates T7E1-based NB.PDS3 mutation analysis on the PCR product from
Ncol-enriched gDNA, two different RNA2 species, pYL156 with Arabidopsis UG::sgRNA-
PDS3 (Lanes 3 and 4) and SPDK with pEBV::sgRNA-PDS3 (lanes 5, 6, and 7) were co-
infiltrated with pYL192 to Cas9 expressing N benthamiana. Mutation was observed only in
SPDK with pEBV::sgRNA (lane 5,6,7). Lanes 1 and 2 were vector controls.

Fig. 5 illustrates detection of the systemic movement of TRV RNA1 and TRV RNA2
in inoculated leaves (Lanes 2 and 4) and in systemic leaves (Lanes 3 and 5). RT-PCR using
TRV RNA1 with replicase-specific primers and TRV RNAZ2 with coat protein-specific primers
were used. Control NB.Actin1-specific primers were used.

Fig. 6 illustrates the loss of restriction enzyme Ncol site assay. PCR product from
Ncol enriched gDNA were subjected to Ncol digestion. Infiltrated and systemic leaf samples
showed the Ncol resistant upper band (Lanes 2 and 3). Lane 1 is wild type control.

Fig. 7 illustrates the ratio of TRV-based CRISPR/Cas9 mutation. PCR product from
non-enriched gDNA was subjected to T7E1 digestion, both from infiltrated and systemic
leaves. Mutation percentage was calculated using ImagJ software.

Fig. 8 illustrates systemic mutation analysis. gDNA was extracted from infiltrated
leaves, 10DAI system leaves and 30DAI leaves and enriched with Ncol. The PCR product
was subjected to T7E1 assay for mutation analysis.

Fig. 9 illustrates chromatograms of the representative sequenced indels from
infiltrated leaves for PDS3 (SEQ ID NO: 124-129). Black line highlights the target region in
the PDS3 gene.

Fig. 10 illustrates chromatograms of the representative sequenced indels from
systemic leaves for PDS3 (SEQ ID NO: 130-136). Black line highlights the target region in
the PDS3 gene.

Fig. 11 illustrates chromatograms of the representative sequenced indels for PCNA
gene (SEQ ID NO: 138-141). Black line highlights the target region in the PCNA gene.

Figs. 12A and 12B illustrate off-targeting of CRISPR/Cas9 in N. benthamiana.
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Fig. 12A illustrates a T7E1 assay from SPDK-pEBV::sgRNA-PDS3 plus pYL192
infiltrated leaves. gDNA amplified PCR fragments around the potential off targets.

Fig. 12B illustrates a control T7E1 non-treated PCR product.

Fig. 13 illustrates a flow sheet of TRV-based targeted genome editing. TRV RNA1
and TRV RNA2 with the targeted sgRNA are mixed in equal volumes to be delivered to a
lower leaf of Cas9-expressing plants. Through systemic infection, TRV moves to other
regions of the plant, including meristimatic tissues. Leaves can be directly converted to
callus and plantlets through tissue culturing or seed from the inoculated plant can be
collected for mutation analysis and functional genomics. For multiplexing (multiple
independent locus mutations at the same time), sgRNAs can be ligated individually to RNA2
vector and then mixed together and co-infiltrated with RNA1.

Fig. 14 illustrates the nucleotide sequence of Cas9 (flag-nls-cas9-nls) (SEQ ID NO:
1).

Fig. 15 illustrates the nucleotide sequence of the sgRNA (NB-PDS3) (SEQ ID NO: 2)
and the map thereof. The NB-PDS3 target-2 is in bold.

Fig. 16 illustrates the nucleotide sequence of the NB-PDS3 (SEQ ID NO: 3) selected
region and the map thereof. The NB-PDS3 target-2 is in bold.

Fig. 17 illustrates the nucleotide sequence of the sgRNA (NB.PCNA) (SEQ ID NO: 4)
selected region and the map thereof. The NB-PDS3 target-2 Ssp1 is in bold.

Fig. 18 illustrates the nucleotide sequence of the NB.PCNA (SEQ ID NO: 5) selected
region and the map thereof.

Fig. 19 illustrates the nucleotide sequence of pYL156 RNA2 (SEQ ID NO: 6).

Fig. 20 illustrates the map of the construct pYL156 RNAZ2. Locations of restriction
sites are indicated.

Fig. 21 illustrates the nucleotide sequence of Arabidopsis U6 promoter sequence for
expression of sgRNA (SEQ ID NO: 7).

Fig. 22 illustrates the nucleotide sequence of SPDK-RNA2 (SEQ ID NO: 8).

Fig. 23 illustrates the map of SPDK2738-TRV2. Locations of restriction sites are
indicated.

Fig. 24 illustrates the nucleotide sequence of YL192 (SEQ ID NO: 9).

Fig. 25 illustrates the map of YL192.

Fig. 26 illustrates systemic movement of TRV RNA1 and RNA2 using RT-PCR
analysis. RNA1 with replicase specific primers and RNA2 with coat protein specific primer in
inoculated leaf (Lane 2, 4), and in systemic leaf (Lane 3, 5). For RT-PCR control NbActin1-
specific primers (SEQ ID NO: 13 and 14) were used.

Fig. 27 illustrates the efficiency of TRV-based mutagenesis using CRISPR/Cas9.
PCR products amplified from genomic DNA were subjected directly to T7E1 digestion, both
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from infiltrated and systemic leaves. Mutation efficiencies (in percentage) were calculated
using ImagdJ software.

Fig. 28 illustrates the confirmation of indels in the F1 progeny of N. bethamiana
plants using restriction endonuclease protection assay. Confirmation of the indels in the F1
progeny of N. betharmiana plants. DNA was extracted from four pools, each pool is made of
leaf discs from 50 seedlings. 1ug of 404bp PCR-amplified product was subjected to Ncol
digestion. Ncol resistant bands indicating the presence of genomic modifications are highly
enriched in the progeny of Cas9-overexpressing plants infiltrated with RNA2.PEBV::PDS
compared to control.

Fig. 29 illustrates the confirmation of Cas9-GFP expression in T3 Arabidopsis plants
by Western blot analysis.

Fig. 30 schematically illustrates the enrichment of TRV (containing gRNA for AtGI1,
AtADH1, and AtTT4) in Nicotiana benthamiana and inoculation of Cas9-GFP expressing
Arabidopsis plants with the enriched TRV sap.

Fig. 31 is a digital image confirming that TRV- VIGS silences AtPDS in whole plants
(Leaves, Stem, Siliques).

Figs. 32A-32D illustrate TRV-expressed gRNA can target Arabidopsis genomic
sequences AtGL1, AtADH1, and AtTT4 in Cas9-GFP expressing plants.

Fig. 32A illustrates a map showing the AtGI1 fragment used to PCR amplify DNA
sequence flanking targeted sequence.

Fig. 32B illustrates the results of a T7E1 assay for mutation/indels detection. Lane 1
and 4 show indels formation compared to control lane 5.

Fig. 32C illustrates Sanger sequencing reads (SEQ ID NO: 143-147 against SEQ ID
NO: 142) of the AtGI1 targeted sequence.

Fig. 32D illustrates the result of a Pstl recognition site loss assay for ADH1 (lane 1)
and TT4 (lane 3) lanes 2 and 4 are respective controls of ADH1 and TT4. Expected DNA
bands are represented with stars.

The drawings are described in greater detail in the description and examples below.

The details of some exemplary embodiments of the methods and systems of the
present disclosure are set forth in the description below. Other features, objects, and
advantages of the disclosure will be apparent to one of skill in the art upon examination of
the following description, drawings, examples and claims. It is intended that all such
additional systems, methods, features, and advantages be included within this description,
be within the scope of the present disclosure, and be protected by the accompanying claims.

DETAILED DESCRIPTION
Before the present disclosure is described in greater detall, it is to be understood that

this disclosure is not limited to particular embodiments described, and as such may, of
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course, vary. ltis also to be understood that the terminology used herein is for the purpose
of describing particular embodiments only, and is not intended to be limiting, since the scope
of the present disclosure will be limited only by the appended claims.

Where a range of values is provided, it is understood that each intervening value, to
the tenth of the unit of the lower limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or intervening value in that
stated range, is encompassed within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller ranges and are also
encompassed within the disclosure, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding either or
both of those included limits are also included in the disclosure.

Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and materials similar or equivalent to those
described herein can also be used in the practice or testing of the present disclosure, the
preferred methods and materials are now described.

All publications and patents cited in this specification are herein incorporated by
reference as if each individual publication or patent were specifically and individually
indicated to be incorporated by reference and are incorporated herein by reference to
disclose and describe the methods and/or materials in connection with which the
publications are cited. The citation of any publication is for its disclosure prior to the filing
date and should not be construed as an admission that the present disclosure is not entitled
to antedate such publication by virtue of prior disclosure. Further, the dates of publication
provided could be different from the actual publication dates that may need to be
independently confirmed.

As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual embodiments described and illustrated herein has discrete components and
features which may be readily separated from or combined with the features of any of the
other several embodiments without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the order of events recited or in any
other order that is logically possible.

Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of medicine, organic chemistry, biochemistry, molecular biology, pharmacology,
toxicology, and the like, which are within the skill of the art. Such techniques are explained
fully in the literature.

It must be noted that, as used in the specification and the appended claims, the

singular forms “a,” “an,” and “the” include plural referents unless the context clearly dictates
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otherwise. Thus, for example, reference to “a support” includes a plurality of supports. In
this specification and in the claims that follow, reference will be made to a number of terms
that shall be defined to have the following meanings unless a contrary intention is apparent.

As used herein, the following terms have the meanings ascribed to them unless

specified otherwise. In this disclosure, "comprises," "comprising,” "containing" and "having"

and the like can have the meaning ascribed to them in U.S. patent law and can mean "
includes,” "including," and the like; "consisting essentially of" or "consists essentially” or the
like, when applied to methods and compositions encompassed by the present disclosure
refers to compositions like those disclosed herein, but which may contain additional
structural groups, composition components or method steps (or analogs or derivatives
thereof as discussed above). Such additional structural groups, composition components or
method steps, etc., however, do not materially affect the basic and nove/ characteristic(s) of
the compositions or methods, compared to those of the corresponding compositions or
methods disclosed herein.

Prior to describing the various embodiments, the following definitions are provided
and should be used unless otherwise indicated.

Definitions

The term “agroinfiltration” as used herein refers to a method in plant biology to induce
expression of genes in a plant or to produce a desired protein. In the method a suspension
of Agrobacterium tumefaciens is injected into a plant leaf, where it transfers the desired gene
to plant cells. The benefit of agroinfiltration when compared to traditional plant
transformation is speed and convenience.

First step of the protocol is to introduce a gene of interest to a strain of
Agrobacterium. Subsequently the strain is grown in a liquid culture and the resulting
bacteria are washed and suspended into a suitable buffer solution. This solution is then
placed in a syringe (without a needle). The tip of the syringe is pressed against the
underside of a leaf while simultaneously applying gentle counterpressure to the other side of
the leaf. The Agrobacterium solution is then injected into the airspaces inside the leaf
through stomata, or sometimes through a tiny incision made to the underside of the leaf.

Vacuum infiltration is another way to penetrate Agrobacterium deep into plant tissue.
In this procedure, leaf disks, leaves, or whole plants are submerged in a beaker containing
the solution, and the beaker is placed in a vacuum chamber. The vacuum is then applied,
forcing air out of the stomata. When the vacuum is released, the pressure difference forces
solution through the stomata and into the mesophyll.

Once inside the leaf the Agrobacterium remains in the intercellular space and
transfers the gene of interest in high copy numbers into the plant cells. The gene is then
transiently expressed (no selection for stable integration is performed). The plant can be
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monitored for a possible effect in the phenotype, subjected to experimental conditions or
harvested and used for purification of the protein of interest. Many plant species can be
processed using this method, but the most common ones are Nicotiana benthamiana and
Nicotiana tabacum.’

The term "allele” as used herein refers to one of several alternative forms of a gene
occupying a given locus on a chromosome. When all the alleles present at a given locus on
a chromosome are the same, that plant is homozygous at that locus. If the alleles present at
a given locus on a chromosome differ, that plant is heterozygous at that locus.

The term "Cas endonuclease recognition (CER) domain” of a guide polynucleotide as
used herein refers to a nucleotide sequence (such as a second nucleotide sequence domain
of a guide polynucleotide) that interacts with a Cas endonuclease polypeptide. The CER
domain can be composed of a DNA sequence, a RNA sequence, a modified DNA sequence,
a modified RNA sequence, or any combination thereof. The guide polynucleotide and Cas
endonuclease are capable of forming a complex that enables the Cas endonuclease to
introduce a double strand break at a DNA target site.

The terms "Cas gene" and "CRISPR-associated (Cas) gene" are used
interchangeably herein. A comprehensive review of the Cas protein family is presented in
Haft et al. (2005) Computational Biology, PLoS Comput. Biol. 1: e60.
doi:10.1371/journal.pcbi.0010060. At least 41 CRISPR-associated (Cas) gene families are
described. CRISPR systems belong to different classes, with different repeat patterns, sets
of genes, and species ranges. The number of Cas genes at a given CRISPR locus can vary
between species.

A Cas endonuclease is a Cas protein encoded by a Cas gene, and is capable of
introducing a double strand break into a DNA target sequence. The Cas endonuclease is
guided by a guide polynucleotide to recognize and optionally introduce a double strand
break at a specific target site into the genome of a cell. Accordingly, as used herein, the
term "guide polynucleotide/Cas endonuclease system" can refer to a complex of a Cas
endonuclease and a guide polynucleotide that is capable of introducing a double strand
break into a DNA target sequence. The Cas endonuclease unwinds the DNA duplex in
close proximity of the genomic target site and cleaves both DNA strands upon recognition of
a target sequence by a guide polynucleotide, but only if the correct Protospacer-Adjacent
Motif (PAM) is approximately oriented at the 3' end of the target sequence.

An advantageous Cas endonuclease gene for use in the methods and systems of the
present disclosure is a Cas9 endonuclease. The Cas endonuclease gene can be a plant
codon optimized Streptococcus pyogenes Cas9 gene encoding a Cas9 endonuclease that
can recognize any genomic sequence of the form N(1230)NGG. The Cas endonuclease can
be introduced directly into a cell by any method known in the art, for example, but not limited
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to transient introduction methods, transfection and/or topical application. It is contemplated
that a plant receiving the viral-delivered guide nucleic acid according to the methods of the
present disclosure can be a stable transgenic (genetically-modified) plant expressing a
heterologous Cas endonuclease.

The terms "chimeric RNA", "chimeric guide RNA", "guide RNA", "single guide RNA"
and "synthetic guide RNA" as used herein are used interchangeably and refer to the
polynucleotide sequence comprising a guide polynucleotide, a tracr sequence and a tracr
mate sequence.

The term "coding sequence” as used herein refers to a polynucleotide sequence
which codes for a specific amino acid sequence.

The terms "codon-modified gene" or "codon-preferred gene" or "codon-optimized
gene" as used herein refer to a gene having its frequency of codon usage designed to mimic
the frequency of preferred codon usage of the host plant cell.

The term "complementarity” as used herein refers to the ability of a nucleic acid to
form hydrogen bond(s) with another nucleic acid sequence by either traditional Watson-Crick
base pairing or other non-traditional types. A percent complementarity indicates the
percentage of residues in a nucleic acid molecule which can form hydrogen bonds (e.g.,
Watson-Crick base pairing) with a second nucleic acid sequence (e.g., 5, 6, 7, 8, 9, 10 out of
10 being 50%, 60%, 70%, 80%, 90%, and 100% complementary). "Perfectly
complementary” means that all the contiguous residues of a nucleic acid sequence will
hydrogen bond with the same number of contiguous residues in a second nucleic acid
sequence. "Substantially complementary” as used herein refers to a degree of
complementarity that is at least 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%,
99%, or 100% over a region of 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 30, 35, 40, 45, 50, or more nucleotides, or refers to two nucleic acids that hybridize
under stringent conditions.

The terms "conserved domain” or "motif* as used herein refer to a set of amino acids
conserved at specific positions along an aligned sequence of evolutionarily related proteins.
While amino acids at other positions can vary between homologous proteins, amino acids
that are highly conserved at specific positions indicate amino acids that are essential to the
structure, the stability, or the activity of a protein. Because they are identified by their high
degree of conservation in aligned sequences of a family of protein homologues, they can be
used as identifiers, or "signatures”, to determine if a protein with a newly determined
sequence belongs to a previously identified protein family.

Polynucleotide and polypeptide sequences, variants thereof, and the structural
relationships of these sequences can be described by the terms "homology”, "homologous",
"substantially identical", "substantially similar" and "corresponding substantially" which are
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used interchangeably herein. These terms as used herein refer to polypeptide or nucleic
acid fragments wherein changes in one or more amino acids or nucleotide bases do not
affect the function of the molecule, such as the ability to mediate gene expression or to
produce a certain phenotype. These terms also refer to modification(s) of nucleic acid
fragments that do not substantially alter the functional properties of the resulting nucleic acid
fragment relative to the initial, unmodified fragment. These modifications include deletion,
substitution, and/or insertion of one or more nucleotides in the nucleic acid fragment.

Substantially similar nucleic acid sequences encompassed may be defined by their
ability to hybridize (under moderately stringent conditions, e.g., 0.5x SSC, 0.1% SDS, 60
°C.) with the sequences exemplified herein, or to any portion of the nucleotide sequences
disclosed herein and which are functionally equivalent to any of the nucleic acid sequences
disclosed herein. Stringency conditions can be adjusted to screen for moderately similar
fragments, such as homologous sequences from distantly related organisms, to highly
similar fragments, such as genes that duplicate functional enzymes from closely related
organisms. Post-hybridization washes determine stringency conditions.

The terms "crossed,” "cross," or "crossing" as used herein refer to the fusion of
gametes via pollination to produce progeny (i.e., cells, seeds, or plants). The term
encompasses both sexual crosses (the pollination of one plant by another) and selfing (self-
pollination, i.e., when the pollen and ovule (or microspores and megaspores) are from the
same plant or genetically identical plants).

The term "dicot" as used herein refers to the subclass of angiosperm plants also
knows as "dicotyledoneae” and includes reference to whole plants, plant organs (e.g.,
leaves, stems, roots, etc.), seeds, plant cells, and progeny of the same. Plant cell, as used
herein includes, without limitation, seeds, suspension cultures, embryos, meristematic
regions, callus tissue, leaves, roots, shoots, gametophytes, sporophytes, pollen, and
Microspores.

The term "expression” as used herein refers to the process by which a polynucleotide
is transcribed from a DNA template (such as into and mRNA or other RNA transcript) and/or
the process by which a transcribed mRNA is subsequently translated into peptides,
polypeptides, or proteins. Transcripts and encoded polypeptides may be collectively
referred to as "gene product." If the polynucleotide is derived from genomic DNA,
expression may include splicing of the mRNA in a eukaryotic cell.

The term "gene" as used herein refers to a nucleic acid fragment that expresses a
functional molecule such as, but not limited to, a specific protein, including regulatory
sequences preceding (5' non-coding sequences) and following (3' non-coding sequences)
the coding sequence.
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The term "genome" as used herein, referring to a plant cell encompasses not only
chromosomal DNA found within the nucleus, but organelle DNA found within subcellular
components (e.g., mitochondria, or plastid) of the cell.

The term "genomic region" as used herein refers to a segment of a chromosome in
the genome of a plant cell that is present on either side of the target site or, alternatively,
also comprises a portion of the target site. The genomic region can comprise at least 5-10,
5-15, 5-20, 5-25, 5-30, 5-35, 5-40, 5-45, 5-50, 5-55, 5-60, 5-65, 5-70, 5-75, 5-80, 5-85, 5-90,
5-95, 5-100, 5-200, 5-300, 5-400, 5-500, 5-600, 5-700, 5-800, 5-900, 5-1000, 5-1100, 5-
1200, 5-1300, 5-1400, 5-1500, 5-1600, 5-1700, 5-1800, 5-1900, 5-2000, 5-2100, 5-2200, 5-
2300, 5-2400, 5-2500, 5-2600, 5-2700, 5-2800. 5-2900, 5-3000, 5-3100 or more bases such
that the genomic region has sufficient homology to undergo homologous recombination with
the corresponding region of homology.

The term "guide polynucleotide" as used herein refers to a polynucleotide sequence
that can form a complex with a Cas endonuclease and enables the Cas endonuclease to
recognize and optionally cleave a DNA target site. The guide polynucleotide can be a single
molecule or a double molecule. The guide polynucleotide sequence can be a RNA
sequence, a DNA sequence, or a combination thereof (a RNA-DNA combination sequence).

The guide polynucleotide such as guide RNA can be a double molecule (also
referred to as duplex guide polynucleotide) comprising a first nucleotide sequence domain
(referred to as Variable Targeting domain or VT domain) that is complementary to a
nucleotide sequence in a target DNA and a second nucleotide sequence domain (referred to
as Cas endonuclease recognition domain or CER domain) that interacts with a Cas
endonuclease polypeptide. The CER domain of the double molecule guide polynucleotide
comprises two separate molecules that are hybridized along a region of complementarity.
The two separate molecules can be RNA, DNA, and/or RNA-DNA-combination sequences.
The first molecule of the duplex guide polynucleotide can comprise a VT domain linked to a
CER domain is referred to as "crDNA" (when composed of a contiguous stretch of DNA
nucleotides) or "crRNA" (when composed of a contiguous stretch of RNA nucleotides), or
"crDNA-RNA" (when composed of a combination of DNA and RNA nucleotides).

The guide polynucleotide can also be a single molecule comprising a first nucleotide
sequence domain (referred to as Variable Targeting domain or VT domain) that is
complementary to a nucleotide sequence in a target DNA and a second nucleotide domain
(referred to as Cas endonuclease recognition domain or CER domain) that interacts with a
Cas endonuclease polypeptide.

The guide RNA can be introduced into a plant or plant cell directly using any method
known in the art such as, but not limited to, particle bombardment or topical applications.
The guide RNA can be introduced indirectly by introducing a recombinant DNA molecule
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comprising the corresponding guide DNA sequence operably linked to a plant specific
promoter that is capable of transcribing the guide RNA in said plant cell. The guide RNA
may be introduced via particle bombardment or Agrobacterium transformation of a
recombinant DNA construct comprising the corresponding guide DNA operably linked, for
example, to a plant U6 polymerase Il promoter. Most advantageously, however, the guide
nucleic acid is delivered to a plant cell using the viral vector system according to the
methods of the present disclosure.

The term “guide polynucleotide” as used herein refers to any polynucleotide
sequence having sufficient complementarity with a target polynucleotide sequence to
hybridize with the target sequence and direct sequence-specific binding of a CRISPR
complex to the target sequence. The degree of complementarity between a guide
polynucleotide and its corresponding target sequence, when optimally aligned using a
suitable alignment algorithm, is about or more than about 50%, 60%, 75%, 80%, 85%, 90%,
95%, 97.5%, 99%, or more. Optimal alignment may be determined with the use of any
suitable algorithm for aligning sequences, non-limiting examples of which include the Smith-
Waterman algorithm, the Needleman-Wunsch algorithm, algorithms based on the Burrows-
Wheeler Transform (e.g. the Burrows Wheeler Aligner), ClustalW, Clustal X, BLAT,
Novoalign (Novocraft Technologies, ELAND (lllumina, San Diego, Calif.), SOAP (available at
soap.genomics.org.cn), and Maq (available at mag.sourceforge.net). A guide polynucleotide
can be about or more than about 5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides in length. A guide
polynucleotide can be less than about 75, 50, 45, 40, 35, 30, 25, 20, 15, 12, or fewer
nucleotides in length. The ability of a guide polynucleotide to direct sequence-specific
binding of a CRISPR complex to a target sequence may be assessed by any suitable assay.
For example, the components of a CRISPR system sufficient to form a CRISPR complex,
including the guide polynucleotide to be tested, may be provided to a host cell having the
corresponding target sequence, such as by transfection with vectors encoding the
components of the CRISPR sequence, followed by an assessment of preferential cleavage
within the target sequence. Similarly, cleavage of a target polynucleotide sequence may be
evaluated in a test tube by providing the target sequence, components of a CRISPR
complex, including the guide polynucleotide to be tested and a control guide polynucleotide
different from the test guide polynucleotide, and comparing binding or rate of cleavage at the
target sequence between the test and control guide polynucleotide reactions. Other assays
are possible, and will occur to those skilled in the art.

A guide polynucleotide can be selected to reduce the degree of secondary structure
within the guide polynucleotide. Secondary structure may be determined by any suitable
polynucleotide folding algorithm. Some programs are based on calculating the minimal
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Gibbs free energy. An example of one such algorithm is mFold, as described by Zuker &
Stiegler ((1981) Nucleic Acids Res. 9, 133-148). Another example folding algorithm is the
online webserver RNAfold, developed at Institute for Theoretical Chemistry at the University
of Vienna, using the centroid structure prediction algorithm (see e.g. Gruber et al., (2008)
Cell 106: 23-24; and Carr & Church (2009) Nature Biotechnol. 27: 1151-1162).

The term "heterologous” is used broadly below to indicate that the gene/sequence of
nucleotides in question have been introduced into the cells in question (e.g. of a plant or an
ancestor thereof) using genetic engineering, i.e. by human intervention. A heterologous
gene may replace an endogenous equivalent gene, i.e. one which normally performs the
same or a similar function, or the inserted sequence may be additional to the endogenous
gene or other sequence. Nucleic acid heterologous to a cell may be non-naturally occurring
in cells of that type, variety or species. Thus the heterologous nucleic acid may comprise a
coding sequence of, or derived from, a particular type of plant cell or species or variety of
plant, placed within the context of a plant cell of a different type or species or variety of plant.
A further possibility is for a nucleic acid sequence to be placed within a cell in which it or a
homologue is found naturally, but wherein the nucleic acid sequence is linked and/or
adjacent to nucleic acid which does not occur naturally within the cell, or cells of that type or
species or variety of plant, such as operably linked to one or more regulatory sequences,
such as a promoter sequence, for control of expression.

The term "homologous recombination” as used herein refers to the exchange of DNA
fragments between two DNA molecules at the sites of homology. The frequency of
homologous recombination is influenced by a number of factors. Different organisms vary
with respect to the amount of homologous recombination and the relative proportion of
homologous to non-homologous recombination. Generally, the length of the region of
homology affects the frequency of homologous recombination events: the longer the region
of homology, the greater the frequency. The length of the homology region needed to
observe homologous recombination is also species-variable. In many cases, at least 5 kb of
homology has been utilized, but homologous recombination has been observed with as little
as 25-50 bp of homology.

Homology-directed repair (HDR) is a mechanism in cells to repair double-stranded
and single stranded DNA breaks. Homology-directed repair includes homologous
recombination (HR) and single-strand annealing (SSA) (Lieber. (2010) Annu. Rev. Biochem.
79: 181-211). The most common form of HDR is called homologous recombination (HR),
which has the longest sequence homology requirements between the donor and acceptor
DNA. Other forms of HDR include single-stranded annealing (SSA) and breakage-induced
replication, and these require shorter sequence homology relative to HR. Homology-
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directed repair at nicks (single-stranded breaks) can occur via a mechanism distinct from
HDR at double-strand breaks.

Error-prone DNA repair mechanisms can produce mutations at double-strand break
sites. The Non-Homologous-End-Joining (NHEJ) pathways are the most common repair
mechanism to bring the broken ends together (Bleuyard et al., (2006) DNA Repair 5: 1-12).
The structural integrity of chromosomes is typically preserved by the repair, but deletions,
insertions, or other rearrangements are possible. The two ends of one double-strand break
are the most prevalent substrates of NHEJ (Kirik et al., (2000) EMBO J. 19: 5562-5566),
however if two different double-strand breaks occur, the free ends from different breaks can
be ligated and result in chromosomal deletions (Siebert & Puchta, (2002) Plant Cell 14:1121-
1131), or chromosomal translocations between different chromosomes (Pacher et al., (2007)
Genetics 175: 21-29).

Episomal DNA molecules can also be ligated into the double-strand break, for
example, integration of T-DNAs into chromosomal double-strand breaks (Chilton & Que,
(2003) Plant Physiol. 133: 956-965; Salomon & Puchta, (1998) EMBO J. 17: 6086-6095).
Once the sequence around the double-strand breaks is altered, for example, by exonuclease
activities involved in the maturation of double-strand breaks, gene conversion pathways can
restore the original structure if a homologous sequence is available, such as a homologous
chromosome in non-dividing somatic cells, or a sister chromatid after DNA replication
(Molinier et al., (2004) Plant Cell 16: 342-352). Ectopic and/or epigenic DNA sequences
may also serve as a DNA repair template for homologous recombination (Puchta, (1999)
Genetics 152: 1173-1181).

Genome Editing Using the Guide RNA/Cas Endonuclease System: The guide RNA/Cas
endonuclease systems of the present disclosure can be used in combination with a co-
delivered polynucleotide modification template to allow for editing of a genomic nucleotide
sequence of interest. The guide RNA/Cas endonuclease system of the present disclosure
can be deployed where the guide polynucleotide does not solely comprise ribonucleic acids
but wherein the guide polynucleotide comprises a combination of RNA-DNA molecules or
solely comprise DNA molecules.

The term "homology" as used herein refers to DNA sequences that are similar. For
example, a "region of homology to a genomic region” that is found on the donor DNA is a
region of DNA that has a similar sequence to a given "genomic region" in the plant genome.
A region of homology can be of any length that is sufficient to promote homologous
recombination at the cleaved target site. For example, the region of homology can comprise
at least 5-10, 5-15, 5-20, 5-25, 5-30, 5-35, 5-40, 5-45, 5-50, 5-55, 5-60, 5-65, 5-70, 5-75, 5-
80, 5-85, 5-90, 5-95, 5-100, 5-200, 5-300, 5-400, 5-500, 5-600, 5-700, 5-800, 5-900, 5-1000,
5-1100, 5-1200, 5-1300, 5-1400, 5-1500, 5-1600, 5-1700, 5-1800, 5-1900, 5-2000, 5-2100,
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5-2200, 5-2300, 5-2400, 5-2500, 5-2600, 5-2700, 5-2800, 5-2900, 5-3000, 5-3100 or more
bases in length such that the region of homology has sufficient homology to undergo
homologous recombination with the corresponding genomic region. "Sufficient homology"
indicates that two polynucleotide sequences have sufficient structural similarity to act as
substrates for a homologous recombination reaction. The structural similarity includes
overall length of each polynucleotide fragment, as well as the sequence similarity of the
polynucleotides. Sequence similarity can be described by the percent sequence identity
over the whole length of the sequences, and/or by conserved regions comprising localized
similarities such as contiguous nucleotides having 100% sequence identity, and percent
sequence identity over a portion of the length of the sequences.

The amount of homology or sequence identity shared by a target and a donor
polynucleotide can vary and includes total lengths and/or regions having unit integral values
in the ranges of about 1-20 bp, 20-50 bp, 50-100 bp, 75-150 bp, 100-250 bp, 150-300 bp,
200-400 bp, 250-500 bp, 300-600 bp, 350-750 bp, 400-800 bp, 450-900 bp, 500-1000 bp,
600-1250 bp, 700-1500 bp, 800-1750 bp, 900-2000 bp, 1-2.5 kb, 1.5-3 kb, 2-4 kb, 2.5-5 kb,
3-6 kb, 3.5-7 kb, 4-8 kb, 5-10 kb, or up to and including the total length of the target site.
These ranges include every integer within the range, for example, the range of 1-20 bp
includes 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and 20 bp. The amount
of homology can also described by percent sequence identity over the full aligned length of
the two polynucleotides which includes percent sequence identity of about at least 50%,
55%, 60%, 65%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or 100%. Sufficient homology includes any combination of polynucleotide length,
global percent sequence identity, and optionally conserved regions of contiguous
nucleotides or local percent sequence identity, for example sufficient homology can be
described as a region of 75-150 bp having at least 80% sequence identity to a region of the
target locus. Sufficient homology can also be described by the predicted ability of two
polynucleotides to specifically hybridize under high stringency conditions, see, for example,
Sambrook ef al., (1989) Molecular Cloning: A Laboratory Manual, (Cold Spring Harbor
Laboratory Press, NY); Current Protocols in Molecular Biology, Ausubel et al., Eds (1994)
Current Protocols, (Greene Publishing Associates, Inc. and John Wiley & Sons, Inc.); and
Tijssen (1993) Laboratory Techniques in Biochemistry and Molecular Biology-Hybridization
with Nucleic Acid Probes, (Elsevier, New York).

The term "hybridization" as used herein refers to a reaction in which one or more
polynucleotides react to form a complex that is stabilized via hydrogen bonding between the
bases of the nucleotide residues. The hydrogen bonding may occur by Watson Crick base
pairing, Hoogstein binding, or in any other sequence specific manner. The complex may
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comprise two strands forming a duplex structure, three or more strands forming a multi
stranded complex, a single self-hybridizing strand, or any combination of these. A
hybridization reaction may constitute a step in a more extensive process, such as the
initiation of PCR, or the cleavage of a polynucleotide by an enzyme. A sequence capable of
hybridizing with a given sequence is referred to as the "complement” of the given sequence.

The term "introduced" as used herein refers to providing a nucleic acid (e.g.,
expression construct) or protein to a cell. The term “introduced’ also includes reference to
the incorporation of a nucleic acid into a eukaryotic or prokaryotic cell where the nucleic acid
may be incorporated into the genome of the cell, and includes reference to the transient
provision of a nucleic acid or protein to the cell. “Introduced” further includes reference to
stable or transient transformation methods, as well as sexually crossing. Thus, "introduced”
in the context of inserting a nucleic acid fragment (e.g., a recombinant DNA
construct/expression construct) into a cell, means "transfection” or "transformation” or
"transduction” and includes reference to the incorporation of a nucleic acid fragment into a
eukaryotic or prokaryotic cell where the nucleic acid fragment may be incorporated into the
genome of the cell (e.g., chromosome, plasmid, plastid, or mitochondrial DNA), converted
into an autonomous replicon, or transiently expressed (e.g., transfected mRNA).

The term "mature” protein as used herein refers to a post-translationally processed
polypeptide (i.e., one from which any pre- or propeptides present in the primary translation
product have been removed). "Precursor” protein refers to the primary product of translation
of mRNA (i.e., with pre- and propeptides still present). Pre- and propeptides may be but are
not limited to intracellular localization signals.

The terms "modified nucleotide” or "edited nucleotide" as used herein refer to a
nucleotide sequence of interest that comprises at least one alteration when compared to its
non-modified nucleotide sequence. Such "alterations" include, for example: (i) replacement
of at least one nucleotide, (ii) a deletion of at least one nucleotide, (iii) an insertion of at least
one nucleotide, or (iv) any combination of (i)-(iii).

The term "mutated gene" as used herein refers to a gene that has been altered
through such as human intervention. Such a "mutated gene" has a sequence that differs
from the sequence of the corresponding non-mutated gene by at least one nucleotide
addition, deletion, or substitution. The mutated gene can comprise an alteration that results
from a guide polynucleotide/Cas endonuclease system as disclosed herein. A mutated plant
is a plant comprising a mutated gene.

The term "native gene"” refers to a gene as found in nature with its own regulatory
sequences.

The terms "3' non-coding sequences”, "transcription terminator” or "termination

sequences” as used herein refer to DNA sequences located downstream of a coding
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sequence and include polyadenylation recognition sequences and other sequences
encoding regulatory signals capable of affecting mRNA processing or gene expression. The
polyadenylation signal is usually characterized by affecting the addition of polyadenylic acid
tracts to the 3' end of the mRNA precursor. The use of different 3' non-coding sequences is
exemplified by Ingelbrecht et al., (1989) Plant Cell 1: 671-680.

The terms "non-naturally occurring” or "engineered" as used herein are used
interchangeably and refer to the involvement of the hand of man. The terms, when referring
to nucleic acid molecules or polypeptides mean that the nucleic acid molecule or the
polypeptide is at least substantially free from at least one other component with which they
are naturally associated in nature and as found in nature.

The term “nickase” as used herein refers to modified versions of the Cas9 enzyme
containing a single inactive catalytic domain, either RuvC- or HNH-. With only one active
nuclease domain, the Cas9 “nickase” will cut only one strand of the target DNA, thereby
generating a single-strand break or 'nick’. A Cas9 nickase is still able to bind DNA based on
guide polynucleotide specificity, though nickases will only cut one of the DNA strands. The
majority of CRISPR plasmids are derived from S. pyogenes and the RuvC domain
inactivated, for example, by a D10A mutation.

The term “off-target effect” as used herein refers to when flexibility in the base-pairing
interactions between the guide polynucleotide sequence and the genomic DNA target
sequence allows imperfect matches to the target sequence to be cut by Cas9. Single
mismatches at the 5’ end of the guide polynucleotide (furthest from the PAM site) can be
permissive for off-target cleavage by Cas9.

The term "operably linked" refers to the association of nucleic acid sequences on a
single nucleic acid fragment so that the function of one is regulated by the other. For
example, a promoter is operably linked with a coding sequence when it is capable of
regulating the expression of that coding sequence (i.e., the coding sequence is under the
transcriptional control of the promoter). Coding sequences can be operably linked to
regulatory sequences in a sense or antisense orientation. In one example, the
complementary RNA regions can be operably linked, either directly or indirectly, 5' to the
target mRNA, or 3' to the target mMRNA, or within the target mRNA, or a first complementary
region is 5' and its complement is 3' to the target mRNA.

The term "percentage of sequence identity" as used herein refers to the value
determined by comparing two optimally aligned sequences over a comparison window,
wherein the portion of the polynucleotide or polypeptide sequence in the comparison window
may comprise additions or deletions (i.e., gaps) as compared to the reference sequence
(which does not comprise additions or deletions) for optimal alignment of the two sequences.
The percentage is calculated by determining the number of positions at which the identical
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nucleic acid base or amino acid residue occurs in both sequences to yield the number of
matched positions, dividing the number of matched positions by the total number of positions
in the window of comparison and multiplying the results by 100 to yield the percentage of
sequence identity. Useful examples of percent sequence identities include, but are not
limited to, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90% or 95%, or any integer
percentage from 50% to 100%. These identities can be determined using any of the
programs described herein.

Sequence alignments and percent identity or similarity calculations may be
determined using a variety of comparison methods designed to detect homologous
sequences including, but not limited to, the MegAlign. TM. program of the LASERGENE
bioinformatics computing suite (DNASTAR Inc., Madison, Wis.). Within the context of this
application it will be understood that where sequence analysis software is used for analysis,
that the results of the analysis will be based on the "default values” of the program
referenced, unless otherwise specified. As used herein "default values" will mean any set of
values or parameters that originally load with the software when first initialized.

The "Clustal V method of alignment" corresponds to the alignment method labeled
Clustal V (described by Higgins & Sharp, (1989) CABIOS 5: 151-153; Higgins et al., (1992)
Comput. Appl. Biosci. 8: 189-191) and found in the MegAlign. TM. program of the
LASERGENE bioinformatics computing suite (DNASTAR Inc., Madison, Wis.). After
alignment of the sequences using the Clustal V program, it is possible to obtain a "percent
identity" by viewing the "sequence distances" table in the same program.

The "Clustal W method of alignment" corresponds to the alignment method labeled
Clustal W (described by Higgins & Sharp, (1989) CAB/OS 5: 151-153; Higgins et al., (1992)
Comput. Appl. Biosci. 8: 189-191) and found in the MegAlign.TM. v6.1 program of the
LASERGENE bioinformatics computing suite (DNASTAR Inc., Madison, Wis.). After
alignment of the sequences using the Clustal W program, it is possible to obtain a "percent
identity" by viewing the "sequence distances" table in the same program.

Unless otherwise stated, sequence identity/similarity values provided herein refer to
the value obtained using GAP Version 10 (GCG, Accelrys, San Diego, Calif.) using the
following parameters: % identity and % similarity for a nucleotide sequence using a gap
creation penalty weight of 50 and a gap length extension penalty weight of 3, and the
nwsgapdna.cmp scoring matrix; % identity and % similarity for an amino acid sequence
using a GAP creation penalty weight of 8 and a gap length extension penalty of 2, and the
BLOSUMG62 scoring matrix (Henikoff & Henikoff, (1989) Proc. Natl. Acad. Sci. U.S.A.
89:10915). GAP uses the algorithm of Needleman &Wunsch, (1970) J. Mol. Biol. 48: 443-
53, to find an alignment of two complete sequences that maximizes the number of matches
and minimizes the number of gaps. GAP considers all possible alignments and gap
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positions and creates the alignment with the largest number of matched bases and the
fewest gaps, using a gap creation penalty and a gap extension penalty in units of matched
bases.

"BLAST" is a searching algorithm provided by the National Center for Biotechnology
Information (NCBI) used to find regions of similarity between biological sequences. The
program compares nucleotide or protein sequences to sequence databases and calculates
the statistical significance of matches to identify sequences having sufficient similarity to a
query sequence such that the similarity would not be predicted to have occurred randomly.
BLAST reports the identified sequences and their local alignment to the query sequence.

It is well understood by one skilled in the art that many levels of sequence identity are
useful in identifying polypeptides from other species or modified naturally or synthetically
wherein such polypeptides have the same or similar function or activity. Useful examples of
percent identities include, but are not limited to, 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90% or 95%, or any integer percentage from 50% to 100%. Indeed, any integer amino
acid identity from 50% to 100% may be useful in describing the present disclosure, such as
51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%, 65%, 66%,
67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%
or 99%.

The term “phenotypic marker” as used herein refers to a screenable or selectable
marker that includes visual markers and selectable markers whether it is a positive or
negative selectable marker. Any phenotypic marker can be used. Specifically, a selectable
or screenable marker comprises a DNA segment that allows one to identify, or select for or
against a molecule or a cell that contains it, often under particular conditions. These
markers can encode an activity, such as, but not limited to, production of RNA, peptide, or
protein, or can provide a binding site for RNA, peptides, proteins, inorganic and organic
compounds or compositions and the like.

Examples of selectable markers include, but are not limited to, DNA segments that
comprise restriction enzyme sites; DNA segments that encode products that provide
resistance against otherwise toxic compounds including antibiotics, such as, spectinomycin,
ampicillin, kanamycin, tetracycline, Basta, neomycin phosphotransferase |l (NEO),
hygromycin phosphotransferase (HPT)) and the like; DNA segments that encode products
that are otherwise lacking in the recipient cell (e.g., tRNA genes, auxotrophic markers); DNA
segments that encode products which can be readily identified (e.g., phenotypic markers
such as p-galactosidase, GUS; fluorescent proteins such as green fluorescent protein
(GFP), cyan (CFP), yellow (YFP), red (RFP), and cell surface proteins); the generation of
new primer sites for PCR (e.g., the juxtaposition of two DNA sequence not previously
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juxtaposed), the inclusion of DNA sequences not acted upon or acted upon by a restriction
endonuclease or other DNA modifying enzyme, chemical, etc.; and, the inclusion of a DNA
sequences required for a specific modification (e.g., methylation) that allows its identification.
Additional selectable markers can include, but are not limited to, genes that confer
resistance to herbicidal compounds.

The term "plant” refers to whole plants, plant organs, plant tissues, seeds, plant cells,
seeds, and progeny of the same. Plant cells include, without limitation, cells from seeds,
suspension cultures, embryos, meristematic regions, callus tissue, leaves, roots, shoots,
gametophytes, sporophytes, pollen and microspores. Plant parts include differentiated and
undifferentiated tissues including, but not limited to roots, stems, shoots, leaves, pollens,
seeds, tumor tissue and various forms of cells and culture (e.g., single cells, protoplasts,
embryos, and callus tissue). The plant tissue may be in a plant or in a plant organ, tissue or
cell culture. The term "plant organ” refers to plant tissue or a group of tissues that constitute
a morphologically and functionally distinct part of a plant. "Progeny” comprises any
subsequent generation of a plant.

A transgenic plant includes, for example, a plant that comprises within its genome a
heterologous polynucleotide introduced by a transformation step. The heterologous
polynucleotide can be stably integrated within the genome such that the polynucleotide is
passed on to successive generations. The heterologous polynucleotide may be integrated
into the genome alone or as part of a recombinant DNA construct. A transgenic plant can
also comprise more than one heterologous polynucleotide within its genome. Each
heterologous polynucleotide may confer a different trait to the transgenic plant. A
heterologous polynucleotide can include a sequence that originates from a foreign species,
or, if from the same species, can be substantially modified from its native form. Transgenic
can include any cell, cell line, callus, tissue, plant part or plant, the genotype of which has
been altered by the presence of heterologous nucleic acid including those transgenics
initially so altered as well as those created by sexual crosses or asexual propagation from
the initial transgenic. The alterations of the genome (chromosomal or extra-chromosomal)
by conventional plant breeding methods, by the genome editing procedure described herein
that does not result in an insertion of a foreign polynucleotide, or by naturally occurring
events such as random cross-fertilization, non-recombinant viral infection, non-recombinant
bacterial transformation, non-recombinant transposition, or spontaneous mutation are not
intended to be regarded as transgenic.

A fertile plant is a plant that produces viable male and female gametes and is self-
fertile. Such a self-fertile plant can produce a progeny plant without the contribution from
any other plant of a gamete and the genetic material contained therein. As used herein, a
"male sterile plant” is a plant that does not produce male gametes that are viable or
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otherwise capable of fertilization. As used herein, a "female sterile plant” is a plant that does
not produce female gametes that are viable or otherwise capable of fertilization. It is
recognized that male-sterile and female-sterile plants can be female-fertile and male-fertile,
respectively. It is further recognized that a male fertile (but female sterile) plant can produce
viable progeny when crossed with a female fertile plant and that a female fertile (but male
sterile) plant can produce viable progeny when crossed with a male fertile plant.

Any commercially or scientifically valuable plant is envisaged in accordance with
these embodiments of the invention. However, it is most advantageous if such plants are
susceptible to a viral infection either naturally or induced or resulting from artificial means.
Such viruses are advantageously modified to deliver a heterologous nucleotide sequence
such as a guide nucleotide sequence to a plant cell. A suitable plant for use with the method
of the invention can be any monocotyledonous or dicotyledonous plant including, but not
limited to, maize, wheat, barley, rye, oat, rice, soybean, peanut, pea, lentil and alfalfa, cotton,
rapeseed, canola, pepper, sunflower, potato, tobacco, tomato, lettuce, mums, arabidopsis,
broccoli, cabbage, beet, quinoa, spinach, cucumber, squash, watermelon, beans, hibiscus,
okra, apple, rose, strawberry, chile, garlic, onions, sorghum, eggplant, eucalyptus, pine, a
tree, an ornamental plant, a perennial grass and a forage crop, coniferous plants, moss,
algae, as well as other plants listed in World Wide Web.

Accordingly, plant families may comprise, but are not limited to, Alliaceae,
Amaranthaceae, Amaryllidaceae, Apocynaceae, Asteraceae, Boraginaceae, Brassicaceae,
Campanulaceae, Caryophyllaceae, Chenopodiaceae, Compositae, Cruciferae,
Cucurbitaceae, Euphorbiaceae, Fabaceae, Gramineae, Hyacinthaceae, Labiatae,
Leguminosae-Papilionoideae, Liliaceae, Linaceae, Malvaceae, Phytolaccaceae, Poaceae,
Pinaceae, Rosaceae, Scrophulariaceae, Solanaceae, Tropaeolaceae, Umbelliferae and
Violaceae.

Such plants include, but are not limited to, Allium cepa, Amaranthus caudatus,
Amaranthus retroflexus, Antirrhinum majus, Arabidopsis thaliana, Arachis hypogaea,
Artemisia sp., Avena sativa, Bellis perennis, Beta vulgaris, Brassica campestris, Brassica
campestris ssp. Napus, Brassica campestris ssp. Pekinensis, Brassica juncea, Calendula
officinalis, Capsella bursa-pastoris, Capsicurm annuum, Catharanthus roseus, Chemanthus
cheiri, Chenopodium album, Chenopodium amaranticolor, Chenopodium foetidum,
Chenopodium quinoa, Coriandrum sativum, Cucumis melo, Cucumis sativus, Glycine max,
Gomphrena globosa, Gossypium hirsutum cv. Siv'on, Gypsophila elegans, Helianthus
annuus, Hyacinthus, Hyoscyamus niger, Lactuca sativa, Lathyrus odoratus, Linum
usitatissimum, Lobelia erinus, Lupinus mutabilis, Lycopersicon esculentum, Lycopersicon
pimpinellifolium, Melilotus albus, Momordica balsamina, Myosotis sylvatica, Narcissus
pseudonarcissus, Nicandra physalodes, Nicotiana benthamiana, Nicotiana clevelandii,
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Nicotiana glutinosa, Nicotiana rustica, Nicotiana sylvestris, Nicotiana tabacum, Nicotiana
edwardsonii, Ocimum basilicum, Petunia hybrida, Phaseolus vulgaris, Phytolacca
Americana, Pisum sativurn, Raphanus sativus, Ricinus communis, Rosa sericea, Salvia
splendens, Senecio vulgaris, Solanum lycopersicum, Solanum melongena, Solanum nigrum,
Solanum tuberosum, Solanum pimpinellifolium, Spinacia oleracea, Stellaria media, Sweet
Wormwood, Trifolium pratense, Trifolium repens, Tropaeolum majus, Tulipa, Vicia faba,
Vicia villosa and Viola arvensis. Other plants that may be infected include Zea maize,
Hordeum vulgare, Triticum aestivum, Oryza sativa and Oryza glaberrima.

The term "plant-optimized nucleotide sequence” as used herein refers to a nucleotide
sequence that has been optimized for increased expression in plants, particularly for
increased expression in plants or in one or more plants of interest. For example, a plant-
optimized nucleotide sequence can be synthesized by modifying a nucleotide sequence
encoding a protein such as, for example, double-strand-break-inducing agent (e.g., an
endonuclease) as disclosed herein, using one or more plant-preferred codons for improved
expression. See, for example, Campbell & Gowri (1990) Plant Physiol. 92: 1-11 for a
discussion of host-preferred codon usage.

Methods are available in the art for synthesizing plant-preferred genes. See, for
example, U.S. Pat. Nos. 5,380,831, and 5,436,391, and Murray et al. (1989) Nucleic Acids
Res. 17: 477-498, herein incorporated by reference. Additional sequence modifications are
known to enhance gene expression in a plant host. These include, for example, elimination
of: one or more sequences encoding spurious polyadenylation signals, one or more exon-
intron splice site signals, one or more transposon-like repeats, and other such well-
characterized sequences that may be deleterious to gene expression. The G-C content of
the sequence may be adjusted to levels average for a given plant host, as calculated by
reference to known genes expressed in the host plant cell. When possible, the sequence is
modified to avoid one or more predicted hairpin secondary mRNA structures. Thus, "a plant-
optimized nucleotide sequence” of the present disclosure comprises one or more of such
sequence modifications.

The term “plant viral (virus) vector” as used herein refers to a nucleic acid vector
including a DNA vector (e.g., a plasmid), a RNA vector, virus or other suitable replicon (e.g.,
viral vector) encoding for viral genes or parts of viral genes.

Viruses that have been shown to be useful for the transformation of plant hosts
include, but are not limited to, Cauliflower Mosaic Virus (CaMV), Tobacco Mosaic Virus
(TMV) and Bean Virus (BV). Transformation of plants using plant viruses is described in, for
example, Gluzman et al.,, Communications in Molecular Biology: Viral Vectors, Cold Spring
Harbor Laboratory, New York, pp. 172-189 (1988). Pseudovirus particles for use in
expressing foreign DNA in many hosts, including plants, is described in WO 87/06261.
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Other viruses which may be advantageously useful in transformation of plant hosts
include, but are not limited to, tobacco rattle virus (TRV) and its related viruses. TRV is
known for its ability to infect meristematic tissues, it comprises a broad host range and
different strain isolates. For example strain N5, obtained from narcissus, causes severe
necrosis in Nicotiana clevelandii (Harrison et al. (1983) Ann. Appl. Biol. 102: 331-338). The
hypochoeris mosaic virus (HMV), which is serologically related to TRV infects the
Asteraceae family of plants (Brunt & Stace-Smith (1978) Ann. Appl. Biol. 90: 205-214). The
fobacco rattle virus strain TCM, originally obtained from tulip, is serologically closely related
to the Dutch serotype of Pea early-browning virus. Furthermore, there are also
monocotyledons species susceptible to TRV, as for example Avena sativa (family Poaceae).

When the virus is a DNA virus, suitable modifications can be made to the virus itself.
Alternatively, the virus can first be cloned into a bacterial plasmid for ease of constructing the
desired viral vector with the foreign DNA. The virus can then be excised from the plasmid. If
the virus is a DNA virus, a bacterial origin of replication can be attached to the viral DNA,
which is then replicated by the bacteria. Transcription and translation of this DNA will
produce the coat protein that will encapsidate the viral DNA. If the virus is an RNA virus, the
virus is generally cloned as a cDNA and inserted into a plasmid. The plasmid is then used to
make all of the constructions. The RNA virus is then produced by replicating the viral
sequence of the plasmid and translation of the viral genes to produce the coat protein(s)
which encapsidate the viral RNA.

Construction of plant RNA viruses for the introduction and expression in plants of
non-viral exogenous nucleic acid sequences such as those included in the construct of the
present invention is demonstrated by the above references as well as in U.S. Pat. No.
5,316,931. TRV-based expression vectors have been described in for example U.S. Pat.
No. 7,229,829.

TRV is a positive strand RNA virus with a bipartite genome, hence the genome is
divided into two positive-sense, single-stranded RNAs, that may be separately encapsidated
into viral particles. The two TRV genomic RNA vectors used by the present invention are
referred to herein as pTRV1 (GenBank Accession No: AF406990) and pTRV2 (GenBank
Accession No: AF406991), wherein pTRV1 encodes polypeptides that mediate replication
and movement in the host plant while pTRV2 encodes coat proteins. In certain
embodiments, the nucleic acid sequence of pTRV2 is devoid of 2b sequence. pTRV2
vectors without the 2b region are more efficient in gene expression in meristematic tissues.

The selection of the vector may be dependent on the target plant such as monocots.
The modified wheat streak mosaic virus (WSMV) has been previously shown to express

NPT Il and B-glucuronidase (GUS) in monocots (e.g. wheat, barley, oat and maize)
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The terms "plasmid”, "vector" and "cassette" as used herein refer to an extra
chromosomal element often carrying genes that are not part of the central metabolism of the
cell, and usually in the form of double-stranded DNA. Such elements may be autonomously
replicating sequences, genome integrating sequences, phage, or nucleotide sequences, in
linear or circular form, of a single- or double-stranded DNA or RNA, derived from any source,
in which a number of nucleotide sequences have been joined or recombined into a unique
construction which is capable of introducing a polynucleotide of interest into a cell.

The term "polymerase chain reaction (PCR)" as used herein refers to a technique for
the synthesis of specific DNA segments and consists of a series of repetitive denaturation,
annealing, and extension cycles. Typically, a double-stranded DNA is heat denatured, and
two primers complementary to the 3' boundaries of the target segment are annealed to the
DNA at low temperature, and then extended at an intermediate temperature. One set of
these three consecutive steps is referred to as a "cycle".

The terms "polynucleotide”, "nucleotide", "nucleotide sequence”, "nucleic acid”" and
"oligonucleotide” are used interchangeably. They refer to a polymeric form of nucleotides of
any length, either deoxyribonucleotides or ribonucleotides, or analogs thereof.
Polynucleotides may have any three dimensional structure, and may perform any function,
known or unknown. The following are non-limiting examples of polynucleotides: coding or
non-coding regions of a gene or gene fragment, loci (locus) defined from linkage analysis,
exons, introns, messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA, short
interfering RNA (siRNA), short-hairpin RNA (shRNA), micro-RNA (miRNA), ribozymes,
cDNA, recombinant polynucleotides, branched polynucleotides, plasmids, vectors, isolated
DNA of any sequence, isolated RNA of any sequence, nucleic acid probes, and primers. A
polynucleotide may comprise one or more modified nucleotides, such as methylated
nucleotides and nucleotide analogs. If present, modifications to the nucleotide structure may
be imparted before or after assembly of the polymer. The sequence of nucleotides may be
interrupted by non-nucleotide components. A polynucleotide may be further modified after
polymerization, such as by conjugation with a labeling component.

The term "polynucleotide modification template" as used herein refers to a
polynucleotide that comprises at least one nucleotide modification when compared to the
nucleotide sequence to be edited. A nucleotide modification can be at least one nucleotide
substitution, addition or deletion. Optionally, the polynucleotide modification template can
further comprise homologous nucleotide sequences flanking the at least one nucleotide
modification, wherein the flanking homologous nucleotide sequences provide sufficient
homology to the desired nucleotide sequence to be edited.

The terms "polypeptide”, "peptide” and "protein" are used interchangeably herein to
refer to polymers of amino acids of any length. The polymer may be linear or branched, it
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may comprise modified amino acids, and it may be interrupted by non-amino acids. The
terms also encompass an amino acid polymer that has been modified; for example, disulfide
bond formation, glycosylation, lipidation, acetylation, phosphorylation, or any other
manipulation, such as conjugation with a labeling component. The term "amino acid" as
used herein refers to natural and/or unnatural or synthetic amino acids, including glycine and
both the D or L optical isomers, and amino acid analogs and peptidomimetics.

The term "promoter" as used herein refers to a DNA sequence capable of controlling
the expression of a coding sequence or functional RNA. The promoter sequence consists of
proximal and more distal upstream elements, the latter elements often referred to as
enhancers. An "enhancer” is a DNA sequence that can stimulate promoter activity, and may
be an innate element of the promoter or a heterologous element inserted to enhance the
level or tissue-specificity of a promoter. Promoters may be derived in their entirety from a
native gene, or be composed of different elements derived from different promoters found in
nature, and/or comprise synthetic DNA segments. It is understood by those skilled in the art
that different promoters may direct the expression of a gene in different tissues or cell types,
or at different stages of development, or in response to different environmental conditions. It
is further recognized that since in most cases the exact boundaries of regulatory sequences
have not been completely defined, DNA fragments of some variation may have identical
promoter activity. Promoters that cause a gene to be expressed in most cell types at most
times are commonly referred to as "constitutive promoters”.

It has been shown that certain promoters are able to direct RNA synthesis at a higher
rate than others. These are called "strong promoters". Certain other promoters have been
shown to direct RNA synthesis at higher levels only in particular types of cells or tissues and
are often referred to as "tissue specific promoters", or "tissue-preferred promoters" if the
promoters direct RNA synthesis preferably in certain tissues but also in other tissues at
reduced levels. Since patterns of expression of a chimeric gene (or genes) introduced into a
plant are controlled using promoters, there is an ongoing interest in the isolation of novel
promoters which are capable of controlling the expression of a chimeric gene or (genes) at
certain levels in specific tissue types or at specific plant developmental stages.

The term “Protospacer Adjacent Motif (PAM) sequence” as used herein refers to a
nucleic acid sequence present in the DNA target sequence but not in the guide
polynucleotide sequence itself. For Cas9 to successfully bind to DNA, the target sequence
in the genomic DNA must be complementary to the guide polynucleotide sequence and must
be immediately followed by the correct protospacer adjacent motif or PAM sequence. Any
DNA sequence with the correct target sequence followed by the PAM sequence will be
bound by Cas9. A target sequence without the PAM following it is not sufficient for Cas9 to
cut. Furthermore, the PAM sequence varies by the species of the bacteria from which the
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Cas9 was derived. The Type Il CRISPR system derived from S. pyogenes, for example, has
the PAM sequence NGG located on the immediate 3’° end of a gRNA recognition sequence.
Components (GQRNA, Cas9) derived from different bacterial species will not function together.
The CRISPR system requires that both the gRNA and Cas9 are expressed in the target cells,
the respective promoters for Cas9 and gRNA expression determining the species specificity
of a particular system.

The terms "recombinant DNA molecule”, "recombinant construct”, "expression
construct”, "construct”, "construct", and "recombinant DNA construct” are used
interchangeably herein. A recombinant construct comprises an artificial combination of
nucleic acid fragments, e.g., regulatory and coding sequences that are not all found together
in nature. For example, a construct may comprise regulatory sequences and coding
sequences that are derived from different sources, or regulatory sequences and coding
sequences derived from the same source, but arranged in a manner different than that found
in nature. Such a construct may be used by itself or may be used in conjunction with a
vector. If a vector is used, then the choice of vector is dependent upon the method that will
be used to transform host cells as is well known to those skilled in the art. For example, a
plasmid vector can be used. The skilled artisan is well aware of the genetic elements that
must be present on the vector in order to successfully transform, select and propagate host
cells. The skilled artisan will also recognize that different independent transformation events
may result in different levels and patterns of expression (Jones et al., (1985) EMBO J. 4:
2411-2418; De Almeida et al., (1989) Mol. Gen. Genetics 218: 78-86), and thus that multiple
events are typically screened in order to obtain lines displaying the desired expression level
and pattern. Such screening may be accomplished standard molecular biological,
biochemical, and other assays including Southern analysis of DNA, Northern analysis of
mRNA expression, PCR, real time quantitative PCR (QPCR), reverse transcription PCR (RT-
PCR), immunoblotting analysis of protein expression, enzyme or activity assays, and/or
phenotypic analysis.

The term "RNA transcript" as used herein refers to the product resulting from RNA
polymerase-catalyzed transcription of a DNA sequence. When the RNA transcript is a
perfect complimentary copy of the DNA sequence, it is referred to as the primary transcript
or pre-mRNA. A RNA transcript is referred to as the mature RNA or mRNA when it is a RNA
sequence derived from post-transcriptional processing of the primary transcript pre mRNAt.
"Messenger RNA" or "mRNA" refers to the RNA that is without introns and that can be
translated into protein by the cell. "cDNA" refers to a DNA that is complementary to, and
synthesized from, an mRNA template using the enzyme reverse transcriptase. The cDNA
can be single-stranded or converted into double-stranded form using the Klenow fragment of
DNA polymerase |. "Sense" RNA refers to RNA transcript that includes the mRNA and can
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be translated into protein within a cell or in vitro. "Antisense RNA" refers to an RNA
transcript that is complementary to all or part of a target primary transcript or mRNA, and
that blocks the expression of a target gene (see, e.g., U.S. Pat. No. 5,107,065). The
complementarity of an antisense RNA may be with any part of the specific gene transcript,
i.e., at the 5' non-coding sequence, 3' non-coding sequence, introns, or the coding
sequence. "Functional RNA" refers to antisense RNA, ribozyme RNA, or other RNA that
may not be translated but yet has an effect on cellular processes. The terms "complement”
and "reverse complement” are used interchangeably herein with respect to mRNA
transcripts, and are meant to define the antisense RNA of the message.

The term "regulatory sequences" as used herein refers to nucleotide sequences
located upstream (5' non-coding sequences), within, or downstream (3' non-coding
sequences) of a coding sequence, and which influence the transcription, RNA processing or
stability, or translation of the associated coding sequence. Regulatory sequences may
include, but are not limited to: promoters, translation leader sequences, 5' untranslated
sequences, 3' untranslated sequences, introns, polyadenylation target sequences, RNA
processing sites, effector binding sites, and stem-loop structures.

The term "selectively hybridizes" includes reference to hybridization, under stringent
hybridization conditions, of a nucleic acid sequence to a specified nucleic acid target
sequence to a detectably greater degree (e.g., at least 2-fold over background) than its
hybridization to non-target nucleic acid sequences and to the substantial exclusion of non-
target nucleic acids. Selectively hybridizing sequences typically have about at least 80%
sequence identity, or 90% sequence identity, up to and including 100% sequence identity
(i.e., fully complementary) with each other.

The terms “sequence identity" or "identity" in the context of nucleic acid or
polypeptide sequences as used herein refer to the nucleic acid bases or amino acid residues
in two sequences that are the same when aligned for maximum correspondence over a
specified comparison window.

The term "stable transformation” refers to the transfer of a nucleic acid fragment into
a genome of a host organism, including both nuclear and organellar genomes, resulting in
genetically stable inheritance. In contrast, "transient transformation" refers to the transfer of
a nucleic acid fragment into the nucleus, or other DNA-containing organelle, of a host
organism resulting in gene expression without integration or stable inheritance. Host
organisms containing the transformed nucleic acid fragments are referred to as "transgenic”
organisms.

The term "stringent conditions" or "stringent hybridization conditions” includes
reference to conditions under which a probe will selectively hybridize to its target sequence
in an in vitro hybridization assay. Stringent conditions are sequence-dependent and will be
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different in different circumstances. By controlling the stringency of the hybridization and/or
washing conditions, target sequences can be identified which are 100% complementary to
the probe (homologous probing). Alternatively, stringency conditions can be adjusted to
allow some mismatching in sequences so that lower degrees of similarity are detected
(heterologous probing). Generally, a probe is less than about 1000 nucleotides in length,
optionally less than 500 nucleotides in length.

Typically, stringent conditions will be those in which the salt concentration is less
than about 1.5 M Na" ion, typically about 0.01 to 1.0 M Na" ion concentration (or other
salt(s)) at pH 7.0 to 8.3, and at least about 30 °C for short probes (e.g., 10 to 50 nucleotides)
and at least about 60 °C for long probes (e.g., greater than 50 nucleotides). Stringent
conditions may also be achieved with the addition of destabilizing agents such as
formamide. Exemplary low stringency conditions include hybridization with a buffer solution
of 30 to 35% formamide, 1 M NaCl) SDS (sodium dodecyl sulfate) at 37 °C, and a wash in 1-
2x SSC (20x SSC = 3.0 M NaCl/0.3 M trisodium citrate) at 50 to 55°C. Exemplary moderate
stringency conditions include hybridization in 40 to 45% formamide, 1 M NaCl, 1% SDS at
37 °C and a wash in 0.5x to 1x SSC at 55 to 60 °C. Exemplary high stringency conditions
include hybridization in 50% formamide, 1 M NaCl, 1% SDS at 37 °C, and a wash in
0.1.times.SSC at 60 to 65 °C.

The terms "subfragment that is functionally equivalent" and "functionally equivalent
subfragment" are used interchangeably herein. These terms as used herein refer to a
portion or subsequence of an isolated nucleic acid fragment in which the ability to alter gene
expression or produce a certain phenotype is retained whether or not the fragment or
subfragment encodes an active enzyme. For example, the fragment or subfragment can be
used in the design of genes to produce the desired phenotype in a transformed plant. genes
can be designed for use in suppression by linking a nucleic acid fragment or subfragment
thereof, whether or not it encodes an active enzyme, in the sense or antisense orientation
relative to a plant promoter sequence.

The terms "target site", "target sequence”, "target DNA", "target locus”, "genomic
target site", "genomic target sequence”, and "genomic target locus" are used
interchangeably herein and refer to a polynucleotide sequence in the genome (including
choloroplastic and mitochondrial DNA) of a plant cell at which a double-strand break is
induced in the plant cell genome by a Cas endonuclease. The target site can be an
endogenous site in the plant genome, or alternatively, the target site can be heterologous to
the plant and thereby not be naturally occurring in the genome, or the target site can be
found in a heterologous genomic location compared to where it occurs in nature. The terms
"endogenous target sequence” and "native target sequence" are used interchangeably
herein to refer to a target sequence that is endogenous or native to the genome of a plant
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and is at the endogenous or native position of that target sequence in the genome of the
plant.

The target polynucleotide of a CRISPR complex can be any polynucleotide
endogenous or exogenous to the eukaryotic cell and in the context of the present disclosure
most advantageously a plant cell. For example, the target polynucleotide can be a
polynucleotide residing in the nucleus of the plant cell. The target polynucleotide can be a
sequence coding a gene product (e.g., a protein) or a non-coding sequence (e.g., a
regulatory polynucleotide or a junk DNA). Without wishing to be bound by theory, it is
believed that the target sequence should be associated with a PAM (protospacer adjacent
motif); that is, a short sequence recognized by the CRISPR complex. The precise sequence
and length requirements for the PAM differ depending on the CRISPR enzyme used, but
PAMs are typically 2-5 base pair sequences adjacent the protospacer (that is, the target
sequence).

Target polynucleotides include a sequence associated with a signaling biochemical
pathway, e.g., a signaling biochemical pathway-associated gene or polynucleotide.
Examples of target polynucleotides can include a disease-associated gene or
polynucleotide. In plants, a "disease-associated" gene or polynucleotide refers to any gene
or polynucleotide which is yielding transcription or translation products at an abnormal level
or in an abnormal form in cells derived from a disease-affected tissues compared with
tissues or cells of a non-disease control. It may be a gene that becomes expressed at an
abnormally high level; it may be a gene that becomes expressed at an abnormally low level,
where the altered expression correlates with the occurrence and/or progression of the
disease. A disease-associated gene also refers to a gene possessing mutation(s) or genetic
variation that is directly responsible or is in linkage disequilibrium with a gene(s) that is
responsible for the etiology of a disease. The transcribed or translated products may be
known or unknown, and may be at a normal or abnormal level.

The term "targeted mutation” as used herein refers to a mutation in a native gene
that was made by altering a target sequence within the native gene using a method involving
a double-strand-break-inducing agent that is capable of inducing a double-strand break in
the DNA of the target sequence as disclosed herein or known in the art.

The targeted mutation can be the result of a guide RNA/Cas endonuclease induced
gene editing as described herein. The guide RNA/Cas endonuclease-induced targeted
mutation can occur in a nucleotide sequence that is located within or outside a genomic
target site that is recognized and cleaved by a Cas endonuclease.

The term "tracr mate sequence" may also be used interchangeably with the term
"direct repeat(s)". In general, a “tracr mate sequence” includes any sequence that has

sufficient complementarity with a tracr sequence to promote one or more of: (1) excision of a
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guide polynucleotide flanked by tracr mate sequences in a cell containing the corresponding
tracr sequence; and (2) formation of a CRISPR complex at a target sequence, wherein the
CRISPR complex comprises the tracr mate sequence hybridized to the tracr sequence. In
general, degree of complementarity is with reference to the optimal alignment of the tracr
mate sequence and tracr sequence, along the length of the shorter of the two sequences.
Optimal alignment may be determined by any suitable alignment algorithm, and may further
account for secondary structures, such as self-complementarity within either the tracr
sequence or tracr mate sequence. The degree of complementarity between the tracr
sequence and tracr mate sequence along the length of the shorter of the two when optimally
aligned can be about or more than about 25%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%,
97.5%, 99%, or higher. The tracr sequence can be about or more than about 5, 6, 7, 8, 9,
10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, or more nucleotides in length. The
tracr sequence and tracr mate sequence can be contained within a single transcript, such
that hybridization between the two produces a transcript having a secondary structure, such
as a hairpin. Preferred loop forming sequences for use in hairpin structures are four
nucleotides in length, and most preferably have the sequence GAAA. However, longer or
shorter loop sequences may be used, as may alternative sequences. The sequences
preferably include a nucleotide triplet (for example, AAA), and an additional nucleotide (for
example C or G). Examples of loop forming sequences include CAAA and AAAG. The
single transcript can further include a transcription termination sequence; preferably this is a
polyT sequence, for example six T nucleotides.

The term "transformation cassette" refers to a specific vector containing a gene and
having elements in addition to the gene that facilitates transformation of a particular host cell.

The term "translation leader sequence" refers to a polynucleotide sequence located
between the promoter sequence of a gene and the coding sequence. The translation leader
sequence is present in the mRNA upstream of the translation start sequence. The
translation leader sequence may affect processing of the primary transcript to mRNA, mRNA
stability or translation efficiency. Examples of translation leader sequences have been
described (e.g., Turner & Foster, (1995) Mol. Biotechnol. 3: 225-236).

The term "variable targeting domain” or "VT domain" is used interchangeably herein
and includes a nucleotide sequence that is complementary to one strand (nucleotide
sequence) of a double strand DNA target site. The % complementation between the first
nucleotide sequence domain (VT domain) and the target sequence can be at least 50%,
51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 63%, 65%, 66%,
67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or 100%. The variable target domain can be at least 12, 13, 14, 15, 16, 17, 18, 19, 20,
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21, 22, 23, 24, 25, 26, 27, 28, 29 or 30 nucleotides in length. The variable targeting domain
can comprise a contiguous stretch of 12 to 30 nucleotides, most advantageously, but not
exclusively, a contiguous stretch of about 20 nucleotides. The variable targeting domain can
be composed of a DNA sequence, a RNA sequence, a modified DNA sequence, a modified
RNA sequence, or any combination thereof.

The term "variant” as used herein refers to the exhibition of qualities that have a
pattern that deviates from what occurs in nature.

The term "wild type" as used herein refers to the typical form of an organism, strain,
gene or characteristic as it occurs in nature as distinguished from mutant or variant forms.

The practice of the present disclosure employs, unless otherwise indicated,
conventional techniques of biochemistry, chemistry, molecular biology, microbiology, cell
biology, genomics and recombinant DNA, which are within the skill of the art. See
Sambrook et al., MOLECULAR CLONING: A LABORATORY MANUAL, 2nd edition (1989);
CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (Ausubel, et al. eds., (1987)); the
series METHODS IN ENZYMOLOGY (Academic Press, Inc.): PCR 2: A PRACTICAL
APPROACH (MacPherson et al., eds. (1995)), Harlow & Lane, eds. (1988) ANTIBODIES, A
LABORATORY MANUAL, and ANIMAL CELL CULTURE (Freshney, ed. (1987)).
Abbreviations

CRISPR: Clustered Regularly Interspaced Short Palendromic Repeat (a region in
bacterial genomes used in pathogen defense; crRNA: endogenous bacterial RNA that
confers target specificity, requires tracrRNA to bind to Cas9; DSB: Double Strand Break;
gRNA: guide RNA, a fusion of the crRNA and tracrRNA; gRNA sequence: 20 nucleotides
that precede a PAM sequence in the genomic DNA; HDR: Homology Directed Repair; InDel:
Insertion/Deletion; NHEJ: Non-Homologous End-Joining; ORF: Open Reading Frame; PAM:
Protospacer Adjacent Motif;
Description

The present disclosure encompasses embodiments of a method for the targeted
modification of a plant genome using a plant viral vector. The vector is used to deliver a
nucleic acid to a plant cell encoding a guide polynucleotide, and in particular a guide RNA
(gRNA), sequence complementary to a targeted region of the plant cell genome and a
Protospacer Adjacent Motif (PAM). It is contemplated that the plant cell has also been
genetically modified to express a Cas9 endonuclease, most advantageously by the prior
formation of stable transgenically-modified plant cells. The combination of the gRNA-PAM
and the expressed Cas9 endonuclease will generate a double-strand beak in the target
genomic DNA. Upon repair of the break by the NHEJ mechanism, random nucleotide
insertions or deletions (Indels) may occur at the repair site that may generate a mutation of
the genomic sequence. While such mutations may result in an amino acid substitution at the
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break position, they may also generate a premature termination codon that results in an
abnormally shortened expressed protein product.

Most particularly, but not exclusively, the present disclosure encompasses
embodiments of a virus delivery system for delivering the elements of the CRISPR system to
a plant cell or cells. Most advantageously, but not exclusively, a viral vector for use in the
systems of the disclosure is a tobacco rattle virus (TRV).

The "CRISPR system" comprises transcripts and other elements involved in the
expression of or directing the activity of CRISPR-associated ("Cas") genes, including
sequences encoding a Cas gene, a tracr (trans-activating CRISPR) sequence (e.g. tracrRNA
or an active partial tracrRNA), a tracr-mate sequence (encompassing a "direct repeat" and a
tracrRNA-processed partial direct repeat in the context of an endogenous CRISPR system),
a guide polynucleotide (also referred to as a "spacer” in the context of an endogenous
CRISPR system), or other sequences and transcripts from a CRISPR locus. In general,
CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats), also known as
SPIDRs (SPacer Interspersed Direct Repeats), constitute a family of DNA loci that are
usually specific to a particular bacterial species. The CRISPR locus comprises a distinct
class of interspersed short sequence repeats (SSRs) that were recognized in E. coli (Ishino
et al., J. Bacteriol., 169: 5429-5433; and Nakata et al., J. Bacteriol., 171: 3553-3556), and
associated genes. Similar interspersed SSRs have been identified in Haloferax
mediterranei, Streptococcus pyogenes, Anabaena, and Mycobacterium tuberculosis (See,
Groenen et al., Mol. Microbiol., 10: 1057-1065 ; Hoe et al., Emerg. Infect. Dis. 5: 254-263 ;
Masepohl et al., Biochim. Biophys. Acta 1307: 26-30; and Mojica et al., Mol. Microbiol.,
17:85-93 ).

The CRISPR loci typically differ from other SSRs by the structure of the repeats,
which have been termed short regularly spaced repeats (SRSRs) (Janssen et al., OMICS J.
Integ. Biol., 6: 23-33 ; and Mojica et al., Mol. Microbiol., 36: 244-246 ). In general, the
repeats are short elements that occur in clusters that are regularly spaced by unique
intervening sequences with a substantially constant length (Mojica et al., supra). Although
the repeat sequences are highly conserved between strains, the number of interspersed
repeats and the sequences of the spacer regions typically differ from strain to strain (van
Embden et al., J. Bacteriol., 182:2393-2401 ). CRISPR loci have been identified in more
than 40 prokaryotes (See e.g., Jansen et al., Mol. Microbiol., 43:1565-1575) including, but
not limited to Aeropyvrum, Pyrobaculum, Sulfolobus, Archaeoglobus, Halocarcula,
Methanobacteriumn, Methanococcus, Methanosarcina, Methanopyrus, Pyrococcus,
Picrophilus, Themoplasma, Corynebacterium, Mycobacterium, Streptomyces, Aquifex,
Porphvromonas, Chlorobium, Thermus, Bacillus, Listeria, Staphylococcus, Clostridium,
Thenrmoanaerobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,
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Nitrosomonas, Desulfovibrio, Geobacter, Myxococcus, Campylobacter, Wolinella,
Acinetobacter, Erwinia, Escherichia, Legionella, Methylococcus, Pasteurella,
Photobacteriurm, Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

One or more elements of a CRISPR system can be derived from a type |, type Il, or
type lll CRISPR system. One or more elements of a CRISPR system can be derived from a
particular organism comprising an endogenous CRISPR system, such as Strepfococcus
pyogenes. In general, a CRISPR system is characterized by elements that promote the
formation of a CRISPR complex at the site of a target sequence (also referred to as a
protospacer in the context of an endogenous CRISPR system). In the context of formation
of a CRISPR complex, "target sequence” refers to a sequence to which a guide
polynucleotide is designed to have complementarity, where hybridization between a target
sequence and a guide polynucleotide promotes the formation of a CRISPR complex. Full
complementarity is not necessarily required, provided there is sufficient complementarity to
cause hybridization and promote formation of a CRISPR complex. A target sequence may
comprise any polynucleotide, such as DNA or RNA polynucleotides. A target sequence is
located in the nucleus or cytoplasm of a cell. The target sequence may be within an
organelle of a eukaryotic cell, for example, mitochondrion or chloroplast. A sequence or
template that may be used for recombination into the targeted locus comprising the target
sequences is referred to as an "editing template” or "editing polynucleotide" or "editing
sequence". An exogenous template polynucleotide may be referred to as an editing
template. The recombination can be homologous recombination.

Typically, in the context of a CRISPR system, formation of a CRISPR complex
(comprising a guide polynucleotide hybridized to a target sequence and complexed with one
or more Cas proteins) results in cleavage of one or both strands in or near (e.g. within 1, 2,
3,4,5,6,7,8,9, 10, 20, 50, or more base pairs from) the target sequence. Without wishing
to be bound by theory, the tracr sequence, which may comprise or consist of all or a portion
of a wild-type tracr sequence (e.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67,
85, or more nucleotides of a wild-type tracr sequence), may also form part of a CRISPR
complex, such as by hybridization along at least a portion of the tracr sequence to all or a
portion of a tracr mate sequence that is operably linked to the guide polynucleotide. The
tracr sequence has sufficient complementarity to a tracr mate sequence to hybridize and
participate in formation of a CRISPR complex. As with the target sequence, it is believed
that complete complementarity is not needed, provided there is sufficient to be functional.
The tracr sequence has at least 50%, 60%, 70%, 80%, 90%, 95% or 99% of sequence
complementarity along the length of the tracr mate sequence when optimally aligned.

One or more vectors driving expression of one or more elements of a CRISPR
system can be introduced into a host plant cell such that expression of the elements of the
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CRISPR system direct formation of a CRISPR complex at one or more target sites. For
example, a Cas enzyme, a guide polynucleoctide linked to a tracr-mate sequence, and a tracr
sequence could each be operably linked to separate regulatory elements on separate
nucleic acid vectors. Alternatively, two or more of the elements expressed from the same or
different regulatory elements, may be combined in a single vector, with one or more
additional vectors providing any components of the CRISPR system not included in the first
vector. CRISPR system elements that are combined in a single vector may be arranged in
any suitable orientation, such as one element located 5' with respect to ("upstream” of) or 3'
with respect to ("downstream" of) a second element. The coding sequence of one element
may be located on the same or opposite strand of the coding sequence of a second element,
and oriented in the same or opposite direction. A single promoter drives expression of a
transcript encoding a CRISPR enzyme and one or more of the guide polynucleotide, tracr
mate sequence (optionally operably linked to the guide polynucleotide), and a tracr
sequence embedded within one or more intron sequences (e.g. each in a different intron,
two or more in at least one intron, or all in a single intron). The CRISPR enzyme, guide
polynucleotide, tracr mate sequence, and tracr sequence are operably linked to and
expressed from the same promoter.

A vector according to the disclosure can comprise one or more insertion sites, such
as a restriction endonuclease recognition sequence (also referred to as a "cloning site").
One or more insertion sites (e.g. about or more than about 1, 2, 3,4,5,6,7, 8,9, 10, or
more insertion sites) are located upstream and/or downstream of one or more sequence
elements of one or more vectors. A vector comprises an insertion site upstream of a tracr
mate sequence, and optionally downstream of a regulatory element operably linked to the
tracr mate sequence, such that following insertion of a guide polynucleotide into the insertion
site and upon expression the guide polynucleotide directs sequence-specific binding of a
CRISPR complex to a target sequence in a eukaryotic cell. A vector comprises two or more
insertion sites, each insertion site being located between two tracr mate sequences so as to
allow insertion of a guide polynucleotide at each site. In such an arrangement, the two or
more guide polynucleotides may comprise two or more copies of a single guide
polynucleotide, two or more different guide polynucleotides, or combinations of these. When
multiple different guide polynucleotides are used, a single expression construct may be used
to target CRISPR activity to multiple different, corresponding target sequences within a cell.
For example, a single vector may comprise about or more than about 1, 2, 3,4, 5,6,7, 8, 9,
10, 15, 20, or more guide polynucleotides. About or more than about 1, 2, 3,4,5,6,7, 8, 9,
10, or more such guide-sequence-containing vectors may be provided, and optionally
delivered to a cell.
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A vector can comprise a regulatory element operably linked to an enzyme-coding
sequence encoding a CRISPR enzyme, such as a Cas protein. For example, the amino acid
sequence of S. pyogenes Cas9 protein may be found in the SwissProt database under
accession number Q99ZW2. The unmodified CRISPR enzyme has DNA cleavage activity,
such as Cas9. The CRISPR enzyme can direct cleavage of one or both strands at the
location of a target sequence, such as within the target sequence and/or within the
complement of the target sequence. The CRISPR enzyme can direct cleavage of one or
both strands within about 1, 2, 3, 4, 5,6, 7, 8, 9, 10, 15, 20, 25, 50, 100, 200, 500, or more
base pairs from the first or last nucleotide of a target sequence. A vector encodes a
CRISPR enzyme that is mutated to with respect to a corresponding wild-type enzyme such
that the mutated CRISPR enzyme lacks the ability to cleave one or both strands of a target
polynucleotide containing a target sequence. For example, an aspartate-to-alanine
substitution (D10A) in the RuvC | catalytic domain of Cas9 from S. pyogenes converts Cas9
from a nuclease that cleaves both strands to a nickase (cleaves a single strand). Other
examples of mutations that render Cas9 a nickase include, without limitation, H840A,
N854A, and N863A. A Cas9 nickase may be used in combination with guide sequenc(es),
e.g., two guide polynucleotides, which target respectively sense and antisense strands of the
DNA target. This combination allows both strands to be nicked and used to induce NHEJ. It
is contemplated that sgRNAs targeted at the same location but to different strands of DNA)
can induce mutagenic NHEJ. A single nickase (Cas9-D10A with a single sgRNA) is unable
to induce NHEJ and create indels but double nickase (Cas9-D 10A and two sgRNAs
targeted to different strands at the same location) can do so in human embryonic stem cells
(hESCs).

As a further example, two or more catalytic domains of Cas9 (RuvC I, RuvC I, and
RuvC Ill) may be mutated to produce a mutated Cas9 substantially lacking all DNA cleavage
activity. A D10A mutation can be combined with one or more of H840A, N854A, or N863A
mutations to produce a Cas9 enzyme substantially lacking all DNA cleavage activity. A
CRISPR enzyme can be considered to substantially lack all DNA cleavage activity when the
DNA cleavage activity of the mutated enzyme is less than about 25%, 10%, 5%, 1%, 0.1%,
0.01%, or lower with respect to its non-mutated form. Other mutations may be useful; where
the Cas9 or other CRISPR enzyme is from a species other than S. pyogenes, mutations in
corresponding amino acids may be made to achieve similar effects.

An enzyme coding sequence encoding a CRISPR enzyme can be advantageously
codon optimized for expression in particular cells, such as in plant cells. In general, codon
optimization refers to a process of modifying a nucleic acid sequence for enhanced
expression in the host cells of interest by replacing at least one codon (e.g. about or more
than about 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or more codons) of the native sequence with
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codons that are more frequently or most frequently used in the genes of that host cell while
maintaining the native amino acid sequence.

Various species exhibit particular bias for certain codons of a particular amino acid.
Such codon usage differences are especially significant between groups of organisms such
as between bacteria and plants. Codon bias (differences in codon usage between
organisms) often correlates with the efficiency of translation of messenger RNA (mRNA),
which is in turn believed to be dependent on, among other things, the properties of the
codons being translated and the availability of particular transfer RNA (tRNA) molecules.
The predominance of selected tRNAs in a cell is generally a reflection of the codons used
most frequently in peptide synthesis. Accordingly, genes can be tailored for optimal gene
expression in a given organism based on codon optimization. Codon usage tables are
readily available, for example, at the "Codon Usage Database", and these tables can be
adapted in a number of ways. See Nakamura et al., (2000) Nucl. Acids Res. 28: 292.
Computer algorithms for codon optimizing a particular sequence for expression in a
particular host cell are also available, such as Gene Forge (Aptagen; Jacobus, Pa.), are also
available. One or more codons (e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or more, or all codons)
in a sequence encoding a CRISPR enzyme can correspond to the most frequently used
codon for a particular amino acid.

A vector can further encode a CRISPR enzyme comprising one or more nuclear
localization sequences (NLSs), such as about or more than about 1, 2, 3,4,5,6,7, 8, 9, 10,
or more NLSs. The CRISPR enzyme can comprise about or more than about 1, 2, 3, 4, 5, 6,
7, 8,9, 10, or more NLSs at or near the amino-terminus, about or more than about 1, 2, 3, 4,
5,6,7,8,9, 10, or more NLSs at or near the carboxy-terminus, or a combination of these
(e.g. one or more NLS at the amino-terminus and one or more NLS at the carboxy
terminus). When more than one NLS is present, each may be selected independently of the
others, such that a single NLS may be present in more than one copy and/or in combination
with one or more other NLSs present in one or more copies. An NLS is considered near the
N- or C-terminus when the nearest amino acid of the NLS is within about 1, 2, 3, 4, 5, 10, 15,
20, 25, 30, 40, 50, or more amino acids along the polypeptide chain from the N- or C-
terminus. Typically, an NLS consists of one or more short sequences of positively charged
lysines or arginines exposed on the protein surface, but other types of NLS are known.

In general, the one or more NLSs are of sufficient strength to drive accumulation of
the CRISPR enzyme in a detectable amount in the nucleus of a eukaryotic cell. In general,
strength of nuclear localization activity may derive from the number of NLSs in the CRISPR
enzyme, the particular NLS(s) used, or a combination of these factors. Detection of
accumulation in the nucleus may be performed by any suitable technique. For example, a
detectable marker may be fused to the CRISPR enzyme, such that location within a cell may
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be visualized, such as in combination with a means for detecting the location of the nucleus
(e.g. a stain specific for the nucleus such as DAPI). Examples of detectable markers
include fluorescent proteins (such as Green fluorescent proteins, or GFP; RFP; CFP), and
epitope tags (HA tag, flag tag, SNAP tag). Cell nuclei may also be isolated from cells, the
contents of which may then be analyzed by any suitable process for detecting protein, such
as immunohistochemistry, Western blot, or enzyme activity assay. Accumulation in the
nucleus may also be determined indirectly, such as by an assay for the effect of CRISPR
complex formation (e.g. assay for DNA cleavage or mutation at the target sequence, or
assay for altered gene expression activity affected by CRISPR complex formation and/or
CRISPR enzyme activity), as compared to a control no exposed to the CRISPR enzyme or
complex, or exposed to a CRISPR enzyme lacking the one or more NLSs.

A recombination template can be provided. A recombination template may be a
component of another vector as described herein, contained in a separate vector, or
provided as a separate polynucleotide. A recombination template is designed to serve as a
template in homologous recombination, such as within or near a target sequence nicked or
cleaved by a CRISPR enzyme as a part of a CRISPR complex. A template polynucleotide
may be of any suitable length, such as about or more than about 10, 15, 20, 25, 50, 75, 100,
150, 200, 500, 1000, or more nucleotides in length. The template polynucleotide can be
complementary to a portion of a polynucleotide comprising the target sequence. When
optimally aligned, a template polynucleotide might overlap with one or more nucleotides of a
target sequences (e.g. about or more than about 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100 or more nucleotides). When a template sequence and a polynucleotide
comprising a target sequence are optimally aligned, the nearest nucleotide of the template
polynucleotide can be within about 1, 5, 10, 15, 20, 25, 50, 75, 100, 200, 300, 400, 500,
1000, 5000, 10000, or more nucleotides from the target sequence.

The CRISPR enzyme can be part of a fusion protein comprising one or more
heterologous protein domains (e.g. about or more than about 1, 2, 3,4,5,6,7, 8,9, 10, or
more domains in addition to the CRISPR enzyme). A CRISPR enzyme fusion protein may
comprise any additional protein sequence, and optionally a linker sequence between any
two domains. Examples of protein domains that may be fused to a CRISPR enzyme
include, without limitation, epitope tags, reporter gene sequences, and protein domains
having one or more of the following activities: methylase activity, demethylase activity,
transcription activation activity, transcription repression activity, transcription release factor
activity, histone modification activity, RNA cleavage activity and nucleic acid binding activity.
Non-limiting examples of epitope tags include histidine (His) tags, V5 tags, FLAG tags,
influenza hemagglutinin (HA) tags, Myc tags, VSV-G tags, and thioredoxin (Trx) tags.
Examples of reporter genes include, but are not limited to, glutathione-S-transferase (GST),
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horseradish peroxidase (HRP), chloramphenicol acetyltransferase (CAT) B-galactosidase, 3-
glucuronidase, luciferase, green fluorescent protein (GFP), HcRed, DsRed, cyan fluorescent
protein (CFP), yellow fluorescent protein (YFP), and autofluorescent proteins including blue
fluorescent protein (BFP).

The present disclosure, therefore, provides methods comprising delivering one or
more polynucleotides, such as or one or more vectors as described herein, one or more
transcripts thereof, and/or one or proteins transcribed therefrom, to a host cell. In some
aspects, the disclosure further provides cells produced by such methods, and plants
comprising or produced from such cells. A CRISPR enzyme in combination with (and
optionally complexed with) a guide polynucleotide can be delivered to a cell. Conventional
viral and non-viral based gene transfer methods can be used to introduce nucleic acids in
plant cells or most target tissues. TRV-based methods can be used to administer nucleic
acids encoding components of a CRISPR system to cells in culture, or in a host organism.
One or more vectors described herein can be used to produce a transgenic plant. Methods
for producing transgenic plants and animals are known in the art, and generally begin with a
method of cell transfection, such as described herein.

With recent advances in crop genomics, the ability to use CRISPR-Cas systems to
perform efficient and cost effective gene editing and manipulation will allow the rapid
selection and comparison of single and multiplexed genetic manipulations to transform such
genomes for improved production and enhanced traits.

Guide polynucleotides and in particular gRNA molecules, determine specificity and
direct the Cas9 endonuclease to genomic targets complementary to the 20 nucleotides
preceding the NGG PAM sequence. Improving the methods for gRNA delivery into Cas9-
overexpressing lines, therefore, is advantageous for an efficient and robust genome editing
platform. Accordingly, a viral-mediated gRNA delivery system was developed that bypasses
the requirement for transformation and/or regeneration of each user-defined target sequence,
and in which editing efficiencies and applicability across plant species were significantly
improved.

It is further contemplated that using the system and methods of the disclosure, a
plant cell can receive a vector or vectors that encode more than one gRNA sequence,
wherein the gRNA sequences specifically target different sites within the recipient cell’s
genome.

Most advantageously, it has been found that the desired target-specific gRNA
nucleotide sequence, or a plurality of such sequences to multiple target sites in a plant
genome, may be delivered to a plant cell by a recombinant viral vector such as, but not
limited to, Tobacco Rattle Virus (TRV) that is engineered to comprise a heterologous gRNA-
encoding nucleotide sequence. Such a viral vector may be delivered to an isolated plant cell
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or a cell in a tissue of a plant by direct delivery to such as a mechanically-generated wound
in the surface of a leaf, to a plant vein, to a root, and the like by methods known in the art.
Alternatively, it is contemplated that the recombinant viral vector(s) may be delivered to the
plant cell or tissues by insertion of such vectors into a bacterial vector that can infect a plant
system to deliver the viral vectors to Cas9-expressing plant cells.

In some particularly advantageous embodiments of the methods of the disclosure the
gRNA-PAM encoding nucleic acid sequences may be inserted into the TRV-RNA2 genome
of the Tobacco Rattle Virus (TRV). The recombinant TRV-RNA2 genome, or a plurality of
such recombinant genomes (for targeting a plurality of sites of a plant genome), may be
transformed into a bacterial vector delivery system such as, but not limited to, an
Agrobacterium tumefaciens.

Methods for viral delivery of genome-engineering components have been established
in mammalian cells using retroviruses and adenoviruses. In plants, tobacco rattle virus (TRV)
has been widely used as an efficient vector for virus-induced gene silencing (VIGS) for
functional genomics applications in plant species that it can infect (Ratcliff et al., (2001) Plant
J. 25: 237-245). This virus is a member of the genus Tobravirus, which also includes pea
early browning virus (PEBV) and pepper ring spot virus.

TRV, which has positive-sense single-stranded RNA, is a bipartite virus composed of
distinct genomes RNA1 and RNA2. The RNAZ2 genome has been used as a vehicle to carry
exonic gene fragments for post-transcriptional gene silencing (Dinesh-Kumar et al. (2003)
Meth. Mol. Biol. 236: 287-294). Several viral vectors developed for VIGS applications are
able to move systematically through the phloem in vascular tissues. The primary
advantages of using TRV in VIGS applications include its mild symptoms, its ability to infect
meristematic cells, and its wide range of host species. TRV has also been used to deliver a
zinc finger nuclease (ZFN) to modify an integrated reporter gene in tobacco and petunia
plants (Marton et al., (2010) Plant Physiol 154, 1079-1087).

To construct a viral-mediated genome editing system according to the disclosure,
Cas9-over-expressing lines of Nicotiana benthamiana were generated. First, the human
codon-optimized Cas9 sequence was optimized for in planta expression by generating the
pK2GW?7.Cas9 clone as shown in Fig. 3A. Agrobacterium tumefaciens was then used to
transform tobacco leaf discs. The Cas9 clone was sequence verified, and its proper
localization confirmed by transient expression of a GFP-fusion variant (encoded by
pEARLYgate103.35S::Cas9:GFP) in tobacco leaves, as shown in Fig. 3B. In addition, the
transgenic tobacco plants were analysed at the molecular level to determine the expression
levels of the Cas9 transcript and protein, as shown in Figs. 3C and 3D.

Next, a TRV RNA2 genome-derived vector was constructed and optimized for gRNA
delivery. The TRV RNA2 constructs contained the gRNA nucleotide sequence under the
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control of either of two sequences: the Arabidopsis thaliana RNA polymerase lll-transcribed
U6 promoter (U6::gRNA) as a control, or the PEBV promoter (PEBV::gRNA) to permit the
expression of the gRNA from the viral RNA-dependent RNA polymerase, as shown in Fig.
4A.

As an embodiment of the system of the disclosure, the TRV virus was reconstituted
in tobacco leaves by agroinfiltration of mixed Agrobacterium cultures that harbored the
RNA1 genome (pYL192) in combination with the different RNAZ2 vectors. In these RNA2
vectors a gRNA with binding specificity for the phytoene desaturase (PDS) gene was driven
by the negative-control promoter (pYL156.U6::PDS.gRNA) or the PEBV promoter
(pSPDK.PEBV::PDS.gRNA) (Fig. 4A). Ten days post-infiltration, the presence of the TRV
RNA1 and RNA2 genomes in both the inoculated and the systemic leaves was confirmed by
RT-PCR, as shown in Fig. 4B.

Assays were then performed for genomic editing of the target sequence in both
inoculated and systemic leaves using the surveyor and T7E1 nucleases and restriction-
protection analysis (Fig. 5). Significant levels of editing in both assays were detected (Fig. 6).
In both types of leaves, editing efficiencies were higher than those reported in previous
studies (Fig. 7). Furthermore, to corroborate the T7E1 and restriction-protection assays, the
target sequence from both inoculated and systemic leaves was PCR-cloned. Thirty of the
resultant clones were then subjected to Sanger sequencing analysis (Figs. 9 and 10). The
sequencing analyses confirmed the results of the T7E1 and restriction-protection assays,
and demonstrated that modification ratios were high: indels were present in 17 clones
derived from inoculated leaves and in 9 clones from systemic leaves.

To further validate the functioning of systems of the disclosure, a gRNA molecule
was designed and constructed that targeted the Proliferating Cell Nuclear Antigen (PCNA)
gene. Using this construct, targeted modifications in the PCNA gene were achieved in both
inoculated and systemic leaves, as demonstrated by T7E1 assays, as shown in Fig. 2A.
The PCR amplicons were subcloned, and sequencing confirmed the presence of sequence
modifications (Fig. 2B).

One of the primary advantages of the methods of viral-mediated delivery of gRNA
molecules according to the disclosure is its amenability to multiplexing. To determine
whether multiplexed genome editing was possible in the editing platform of the disclosure,
gRNA molecules targeting both PCNA and PDS were co-delivered by mixing Agrobacterium
tumefaciens bacterial cultures harboring the RNA2 vector clones
pSPDK.PEBV::PCNA.gRNAs or pSPDK.PEBV::PDS.gRNAs with specificities for PDS and
PCNA, respectively. Two weeks post-infiltration, genomic modifications at the intended
targets were assayed. Modifications were present at both of the intended targets, as shown
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in Fig. 2C, although efficiencies were lower when more than one gRNA was used
simultaneously.

A primary concern in applications of CRISPR/Cas9 genome editing is off-target
activity. Although this issue is less important in plants than in genetic medicine, the extent of
off-target activities by the systems of the disclosure were assessed. To identify candidate
unintended targets of genome editing, the draft genome of Nicotiana benthamiana was
screened for imperfect matches (i.e., allowing several mismatches) to a 20-nucleotide gRNA
sequence (see Example 8, Table 2). These candidates were then subjected to T7E1 and
restriction-protection assays. Consistent with previous reports (Nekrasov et al., (2013)
Nature Biotechnol. 31: 691-693; Feng et al., (2014) Proc. Natl. Acad. Sci. U.S.A. 111: 4632-
4637), no genomic modifications were detected at any of the predicted unintended targets,
as shown in Figs. 12A and 12B. Therefore, it was concluded that either the system exhibited
no off-target activities, or that any such activities occurred at levels too low to be detected by
the modification-detection assays employed.

It is to be understood that the viral-mediated genome editing platform of the
disclosure is not to be limited to vectors derived from TRV; other RNA viruses (e.g., but not
limited to, Tobacco Mosaic Virus (TMV) and Potato Virus X). Furthermore, it is
contemplated that the systems and methods of the disclosure can be used to deliver gRNA
molecules to various plant species. While Nicotiana and Arabidopsis have been used as
useful experimental products, it is to be understood that any plant species or strain that can
be genetically modified to express heterologous Cas9 endonuclease and can be infected or
receive a target-specific gRNA, may be genetically modified by the methods of the
disclosure.

For genome editing purposes, TRV is most advantageous as a vehicle for gRNA
delivery to all plant parts, including meristems. The ability of the virus to infect growing
points can lead to modification of the germline cells and eventually to seeds with the desired
modifications, obviating the need for tissue culture and transformation. In addition, this
system can be applied to transcriptional gene silencing by delivering gRNAs that target
promoter regions into plants overexpressing a catalytically inactive Cas9 endonuclease.

Accordingly, the viral-mediated genome editing systems of the disclosure meet
several requirements for efficient and multiplexed editing: 1) TRV, for example, can
systematically infect a large number of plant species, both naturally and under laboratory
conditions; 2) the virus can be introduced into plants via Agrobacterium and delivered into
growing points of the plant; 3) the small genome size of TRV facilitates cloning, multiplexing,
library constructions, and agroinfections; and 4) the viral RNA genome does not integrate
into plant genomes. Furthermore, it is advantageous to use this system to confer viral

interference, thereby protecting plants against DNA viruses. In conclusion, the methods of
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the disclosure expand the utility of the CRISPR/Cas9 system and are useful for
bioengineering in functional genomics and agricultural biotechnology applications.

The disclosure further provides kits containing any one or more of the elements
disclosed in the above methods and compositions. The kit can comprise a vector system
and instructions for using the kit. The vector system can comprise (a) a first regulatory
element that can be operably linked to a tracr mate sequence and one or more insertion
sites for inserting a guide polynucleotide upstream of the tracr mate sequence, wherein
when expressed, the guide polynucleotide directs sequence-specific binding of a CRISPR
complex to a target sequence in a eukaryotic cell, wherein the CRISPR complex comprises
a CRISPR enzyme complexed with (1) the guide polynucleotide that is hybridized to the
target sequence, and (2) the tracr mate sequence that is hybridized to the tracr sequence;
and/or (b) a second regulatory element operably linked to an enzyme-coding sequence
encoding said CRISPR enzyme comprising a nuclear localization sequence. Elements may
be provide individually or in combinations, and may be provided in any suitable container,
such as a vial, a bottle, or a tube. The kit can include instructions in one or more languages,
for example in more than one language.

A kit can comprise one or more reagents for use in a process utilizing one or more of
the elements described herein. Reagents may be provided in any suitable container. For
example, a kit may provide one or more reaction or storage buffers. Reagents may be
provided in a form that is usable in a particular assay, or in a form that requires addition of
one or more other components before use (e.g. in concentrate or lyophilized form). A buffer
can be any buffer, including but not limited to a sodium carbonate buffer, a sodium
bicarbonate buffer, a borate buffer, a Tris buffer, a MOPS buffer, a HEPES buffer, and
combinations thereof. The buffer can be alkaline. The buffer has a pH from about 7 to
about 10. The kit can comprise one or more oligonucleotides corresponding to a guide
polynucleotide for insertion into a vector so as to operably link the guide polynucleotide and
a regulatory element. The kit can comprise a homologous recombination template
polynucleotide.

One aspect of the disclosure encompasses embodiments of a method for modifying
a target site in the genome of a plant cell, the method comprising providing a nucleic acid
sequence encoding a guide RNA-PAM to a plant cell having a Cas endonuclease, wherein
the guide RNA is delivered to the plant cell by a plant virus vector, and wherein said guide
RNA and Cas endonuclease are capable of forming a complex that enables the Cas
endonuclease to introduce a double strand break at said target site.

In some embodiments of this aspect of the disclosure, the method can further
comprise providing to the plant cell a heterologous donor DNA, wherein said heterologous
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donor DNA can comprise a polynucleotide of interest desired to be incorporated into the
genome of the plant cell.

In some embodiments of this aspect of the disclosure, the method can further
comprise identifying at least one plant cell that has a modification at said target, wherein the
modification includes at least one deletion or substitution of one or more nucleotides in said
target site.

In some embodiments of this aspect of the disclosure, the plant virus vector can be a
genome of the Tobacco Rattle Virus (TRV).

In some embodiments of this aspect of the disclosure, the nucleic acid sequence
encoding a guide RNA-PAM can be inserted into the TRV-RNA2 genome of the TRV-derived
vector.

In some embodiments of this aspect of the disclosure, the plant cell can be a
genetically modified plant cell comprising a heterologous nucleic acid encoding a Cas9
endonuclease operably linked to a promoter.

In some embodiments of this aspect of the disclosure, the plant cell can be a stable
transgenic variant comprising a heterologous nucleic acid encoding a Cas9 endonuclease
operably linked to a promoter.

In some embodiments of this aspect of the disclosure, the heterologous nucleic acid
encoding the Cas endonuclease gene can be a plant optimized nucleic acid sequence.

In some embodiments of this aspect of the disclosure, the plant cell can be in a
tissue of a plant and the recombinant viral vector can be delivered to the plant cell by
infecting the plant with the bacterial vector, by systemically delivering the viral vector, or by
mechanical injury to a surface of the plant.

In some embodiments of this aspect of the disclosure, the bacterial vector can be an
Agrobacterium tumefaciens.

In some embodiments of this aspect of the disclosure, the plant cell can be an
isolated plant cell and wherein the method further comprises culturing said plant cell to
generate a plant seedling or a mature plant.

In some embodiments of this aspect of the disclosure, the method can further
comprise targeting a plurality of target sites in the same recipient plant cell or cells, wherein
step (a) of said method comprises delivering to the plant cell expressing a Cas9
endonuclease a plurality of recombinant viral vectors, wherein said viral vectors each
independently comprises a nucleic acid sequence encoding a guide RNA-PAM
complementary to a targeted region of the plant cell genome and a Protospacer Adjacent
Motif (PAM), and wherein each member of the plurality of recombinant viral vectors
comprises a gRNA-PAM sequence not found in the other recombinant viral vectors delivered
to the plant cell.
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Another aspect of the of this aspect disclosure encompasses embodiments of a
method for modifying a target site in the genome of a plant cell, the method comprising
providing a nucleic acid sequence encoding a guide RNA-PAM to a plant cell having a Cas
endonuclease, and optionally a polynucleotide modification template, wherein the guide
RNA, and optionally the polynucleotide modification template, is delivered to the plant cell by
a plant virus vector, and wherein said guide RNA and Cas endonuclease can be capable of
forming a complex that enables the Cas endonuclease to introduce a double strand break at
said target site, and wherein said polynucleotide modification template comprises at least
one nucleotide modification of said target site.

In some embodiments of this aspect of the methods of the disclosure, the target site
in the genome of a cell can be selected from the group consisting of a promoter sequence, a
terminator sequence, a regulatory element sequence, a splice site, a coding sequence, a
polyubiquitination site, an intron site, and an intron enhancing motif.

Another aspect of the disclosure encompasses embodiments of a recombinant
nucleic acid construct comprising a plant virus vector comprising a promoter operably linked
to a nucleic acid sequence encoding a guide RNA-PAM, wherein said guide RNA can be
capable of forming a complex with a plant optimized Cas9 endonuclease, and wherein said
complex is capable of binding to and creating a double strand break in a genomic target
sequence said plant genome.

In some embodiments of this aspect of the disclosure, the plant virus vector is a
genome of the Tobacco Rattle Virus (TRV).

In some embodiments of this aspect of the disclosure, the nucleic acid sequence
encoding a guide RNA-PAM can be inserted into the TRV-RNA2 genome of the TRV-derived
vector.

Another aspect of the disclosure encompasses embodiments of a genetically
modified plant, or a progeny thereof, generated by a method for modifying a target site in the
genome of a plant cell, the method comprising genetically modifying plant cell or cells or
cells having a Cas endonuclease by providing to said cell or cells a recombinant nucleic acid
construct comprising a nucleic acid sequence encoding a guide RNA-PAM, and optionally a
polynucleotide modification template, wherein the guide RNA-PAM, and optionally the
polynucleotide modification template, is delivered to the plant cell or cells by a plant virus
vector, and wherein said guide RNA-PAM and Cas endonuclease are capable of forming a
complex that enables the Cas endonuclease to introduce a double strand break at said
target site, and wherein said polynucleotide modification template comprises at least one
nucleotide modification of said target site; culturing the genetically modifying plant cell or
cells or cells to generate a plant embryo or mature plant; and optionally generating progeny
from said embryo or mature plant.
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In some embodiments of this aspect of the disclosure, the plant virus vector can be a
genome of the Tobacco Rattle Virus (TRV).

In some embodiments of this aspect of the disclosure, the nucleic acid sequence
encoding a guide RNA-PAM is inserted into the TRV-RNA2 genome of the TRV-derived
vector.

The specific examples below are to be construed as merely illustrative, and not
limitative of the remainder of the disclosure in any way whatsoever. Without further
elaboration, it is believed that one skilled in the art can, based on the description herein,
utilize the present disclosure to its fullest extent. All publications recited herein are hereby
incorporated by reference in their entirety.

It should be emphasized that the embodiments of the present disclosure, particularly,
any “preferred” embodiments, are merely possible examples of the implementations, merely
set forth for a clear understanding of the principles of the disclosure. Many variations and
modifications may be made to the above-described embodiment(s) of the disclosure without
departing substantially from the spirit and principles of the disclosure. All such modifications
and variations are intended to be included herein within the scope of this disclosure, and the
present disclosure and protected by the following claims.

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to perform the methods and use the
compositions and compounds disclosed and claimed herein. Efforts have been made to
ensure accuracy with respect to numbers (e.g., amounts, temperature, etc.), but some errors
and deviations should be accounted for. Unless indicated otherwise, parts are parts by
weight, temperature is in °C, and pressure is at or near atmospheric. Standard temperature
and pressure are defined as 20 °C and 1 atmosphere.

The meaning of abbreviations is as follows: "sec" means second(s), "min" means
minute(s), "h" means hour(s), "d" means day(s), "uL" means microliter(s), "mL" means
milliliter(s), "L" means liter(s), "uM" means micromolar, "mM" means millimolar, "M" means
molar, "mmol" means millimole(s), "umole" mean micromole(s), "g" means gram(s), "ug"
means microgram(s), "ng" means nanogram(s), "U" means unit(s), "bp" means base pair(s)
and "kb" means kilobase(s).

EXAMPLE
Example 1
Vector construction: To generate a Cas9 overexpressing line of Nicotiana benthamiana, a
recombinant 35S::Cas9 (SEQ ID NO: 1) in a pK2GW?7 binary vector was constructed. The
complete 3XFlag—NLS-Cas9-NLS (SEQ ID NO: 1) cassette was PCR amplified with the
Cas9-GW-Fw (SEQ ID NO: 10) and Cas9-Rev (SEQ ID NO: 3) primers using pX330 plasmid
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as the template. The purified PCR product was cloned into pENTR/D-TOPO (Life
Technologies). Restriction digestion and Sanger sequencing were used to confirm the
pENTR/Cas9 clones, which were subsequently cloned into the pK2GW?7 destination vector
for in planta expression using the Gateway LR.RTM clonase (Life Technologies).

To generate the Cas9 C-terminus fusion to the GFP reporter, the Cas9 3’ stop codon
was removed by PCR amplification using primers Cas9-GW-Fw (SEQ ID NO: 10) and Cas9-
Rev-No-Stop (SEQ ID NO: 12) and sequencing confirmed clone pENTR/Cas9dStop for
Gateway LR recombination reaction into pEARLY-GATE103. The pENTR/Cas9dStop clone
was first linearized with the Mlul enzyme and used for the recombination reaction to
generate pEARLY-GATE103.Cas9:GFP. Sanger sequencing was used to confirm the
sequence authenticity of clones and the translational fusions.

The gRNA clones were custom synthesized in pUC19 (-MCS) plasmid using
BlueHeronBio gene synthesis service (BlueHeronBio, Bothell, WA USA). Each gRNA was
flanked by Xbal and Xmal restriction sites and included a 116bp fragment that contained a
20 bp nucleotide target sequence, 84 bp functioning as a Cas9-binding loop followed by
seven T nucleotides for transcriptional termination. The 116bp gRNA fragment of each
target was subcloned into the TRV2 (RNA2) vector by restriction ligation cloning using with
Xbal and Xmal restriction enzymes.

Example 2

Tobacco Agrobacterium-mediated transformation: The pK2GW7.Cas9 T-DNA binary vector
was introduced into Agrobacterium tumefaciens strain GV310 using electroporation. Single
colonies carrying the T-DNA vector were grown overnight at 28 °C in 5 mL LB medium
containing 100 mg/L spectinomycin, 50 mg/L gentamycin and 25 mg/L rifampicin. The
overnight culture was used to inoculate 50 mL LB containing the selective antibiotics and
5mM MES. Cells were collected at ODgqo of 1.0 and pelleted, suspended and diluted to an
ODgqo of 0.2 in transformation medium (liquid 2 MS salts, 150mM acetosyringone, pH 5.8).
Re-suspended cells were kept at ambient temperature for 4 hours and applied to forceps-
wounded 1-2 cm leaf discs from 4-6 weeks aseptically grown tobacco plants. The
Agrobacterium was co-cultured with leaf discs. After 36hr, leaf discs were placed inverted on
selection media containing 500mg/L and 50mg/L kanamycin. Leaf discs were plated onto
MS regeneration and selection medium (4.4g MS salts with vitamins, 1 mg/L BA, 0.1 mg/L
NAA, 30 g sucrose, pH 5.8 and supplemented with 50mg/L kanamycin and timentin 200mg/L.
Shoot tissues appeared after 3- to 4 weeks and were excised and placed into root-inducing
medium. Small plantlets were removed and acclimated into soil, molecularly characterized
for the presence of the transgene and seeds were collected from the plants and confirmed at

the molecular level to carry the transgene.
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Example 3
Agroinfiltration of Cas9 over-expressing tobacco plants: Two Cas9 over-expressing tobacco

lines (B14-2, and B14-4) were selected for agroinfiltration experiments. TRV1 and TRV2 T-
DNA vectors were introduced separately into Agrobacterium tumefaciens GV3101 strain.
Transformed single colonies were grown overnight in selective medium and resuspended
and diluted to an ODgq of about 0.3 into infiltration medium (10mM MES, 10mM CacCl, pH
5.7, 200uM Acetosyringone). The Agrobacterium cultures were kept at ambient temperature
for four hours in the infiltration medium to increase their transformation competency. For co-
infiltration using Agrobacteria harboring TRV1 and TRV2, agrobacterium cultures were
mixed at 1:1 ratio (vol/vol). Agrobacteria were infiltrated into the lower side of the 3 to 4
weeks old leaves using a needleless 2 mL syringe. Samples were collected after 5, 10, and
30 days post- infiltration and used for targeted genome modification analysis.
Example 4
RT-PCR- based detection of TRV and gRNA molecules: Total RNA (1ug) was extracted
from the systemic leaves after 5, 10, and 25 days post-infiltration using RNAeasy mini kit
(Invitrogen). To remove DNA impurities, RNA was treated with DNasel (Invitrogen). First
strand cDNA was synthesized using SuperScript Il reverse transcriptase (Invitrogen) using
primers TRV1-MP-RT-R (SEQ ID NO: 18) and SPDK-SEQ-R (SEQ ID NO: 20) for TRV1 and
TRVZ, respectively. TRV.repF (SEQ ID NO: 17) and TRV.repR (SEQ ID NO: 20) primers
were used to amplify 194bp of the TRV replicase gene. The pPEBVF and SPDK-SEQ-R
primers were used to amplify 314bp including the 116 bp fragment of the gRNA. The
Nicotiana benthamiana actin gene (Genbank accession number AY179605) was used as
internal control and for data normalization.
Example 5
Detection of Cas9-mediated mutations via T7E1 or restriction enzyme protection assays:
Tobacco leaves were collected after 5, 10, and 30 days post-infiltration and genomic DNA
was extracted using DNA extraction buffer (100mM Tris-Cl, 1mM EDTA, 100mM NaCl,
100mM LiCl, 100mM B-mercaptoethanol, 0.4% RNase) and PCI (Phenol :Chloroform:
Isoamyl alcohol)

For T7E1 mutation detection assay in the PDS genomic target, the NB-PDS-TR12-F
(SEQ ID NO: 21) and NB-PDS-TR12-R (SEQ ID NO: 22) primers were used to PCR amplify
a 797bp fragment containing the target sequence for modification. PCR reactions were
either performed using genomic DNA directly or using genomic DNA enriched for the
modification. The target sequence contained Ncol restriction site genomic DNA was
enriched with Nco/ (New England Biolab) and used as the template for PCR. This PCR
product was used for T7E1 and for cloning and Sanger sequencing to confirm the genomic
modification in the gene target sequence.
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The gel-purified (200 ng) PCR product enriched Ncol genomic DNA was denatured
and re-annealed in NEB Buffer 2 in the PCR cycler to allow for hetero-duplex formation
using a cycling program (95 °C for 10 min, 85 °C for 2 min, 75°C for 3 min, 65 °C for 3 min,
55 °C for 3 min, 45 °C for 3 min, 35 °C for 3 min, 25 °C for 3 min, 4 °C). The PCR product
was subjected to mutation detection assays using T7E1. A T7E1 assay was also performed
on PCR products from non-enriched gDNA as template for PDS3 and PCNA for mutation
detection analysis.

Example 6
Identification of potential off-farget loci in the Nicotiana benthamiana genome: To screen for
potential off-target sites, a combinatorics approach was applied to identify all potential
binding gRNA sequences that would carry from 1 to 7 mutations at any nucleotide position in
the gRNA sequence. These potential binding sites were identified in the genome of N.
benthamiana (Table 1).

Table 1: (PDS3) gRNA putative off-targets binding sites

Number of | Total inati . i
mi:m:techc;s - o(;ogr;?\llzztlons Total hits Ivci)ttl?lth;Ls;

1 60 0 0

2 1,710 0 0

3 30,780 0 0

4 392,444 1 0

5 3,767,412 60 4

6 28,255,525 515 46

7 169,532,551 3,689 275

The putative off-target binding sites were subjected to further annotation where
sequences were split into two groups of conserved and not conserved Ncol restriction sites
directly preceding the Protospacer Adjacent Motif (PAM) sequence and sites containing
mutation in seed and non-seed sequence.

Sequences surrounding the putative off-target sites and designed primers around
them were extracted. PRIMER3.RTM used software to facilitate the high-throughput design
and selection of primers. PCR was performed for all the selected 48 off-target sites. Out of
48 different primer pairs for off-targets, 28 gave specific single band amplification. All single
band PCR products were treated with T7E1 as described above.

Example 7

Calculation of modification frequencies: For mutation rate determination, PCR products
derived from PDS3 and PCNA genes from the non-enriched genomic DNA were treated with
T7E1 and used for analysis. Mutation rates were estimated by using IMAGJ.RTM software.
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Example 8
Table 2
SEQ | PRIMER NAME SEQUENCE (5-3) Usage
ID
NO:
10 Cas9-gw-Fw CACCATGGACTATAAGGACCACG clone cas9
11 Cas9-Rev-Stop TTACTTTTTCTTTTTTGCCTGGC clone Cas9
12 Cas9-Rev-No- CTTTTTCTTTTTTGCCTGGC Cas9-GFP
Stop
13 NB-ACTIN1-RT-F TGAAGATCCTCACAGAGCGTGG Rt-pcr
14 NB-ACTINIQRT- | TTGTATGTGGTCTCGTGGATTC normalization
LIU-R control
15 CAS9-SEQ-F6 GCCCTCCAAATATGTGACTTCC Cas9 expression
16 CAS9-REV-STOP TTACTTTTTCTTTTTTGCCTGGC confirmation
17 TRV1-RELICASE- CTACTGGGAGAGCAGCAACC Detection of trv-
RT-F rnal systemic
18 TRV1- CTGAGCGCAAAAGTACACCA movement
REPLICASE-RT-R
19 SPDK- CGAATTCGAGCATCTTGTTCTGGGG | Detection of trv-
PEBVS/SEQF TTTCA rna?2 gRNA part
20 SPDK-SEQ-R CTATGGTAAGACAATGAGTCGGCCA systemic movement
AACGC
21 NB-PDS3-TR12- GAAACACATCACCTAGGCGG PCR around pds
GDNA-F2 target
22 NB-PDS3-TR12- GGGCGTGAGGAAGTACGAAA
GDNA-R
23 NBPDS3-gDNA- GTAAAATGCCCCAAATTGGACTTGT Amplify 404bp around
404bp-F pds
24 NBPDS3-gDNA- CGTGAGGAAGTACGAAATGATGATG Amplify 404bp around
404bp-R A pds
25 NB.PCNA gDNA CCTAACCCTAATTTCCCCAG PCR around pcna
Fl target
26 NB.PCNA gDNA TCACTGTCAATGTCCATCAG
R1
4 MISMATCHES
27 307528-16-F AAATTGGATCTTGGATCACTCAAGC Nb-pds3-2 off target
28 307528-16-R AGCCGTTGATTTCTCATTATCCAAA Nb-pds3-2 off target
5 MISMATCHES
29 3623076-16-F ACAGATCATATGGGTGTGTCTTCGA | Nb-pds3-2 off target
30 3623076-16-R GATGAAGGAAGCAGTATCCCTAGCA | Nb-pds3-2 off target
31 3623321-16-F CGCGTAAAGATAAAGTGAGCGGATA | Nb-pds3-2 off target
32 3623321-16-R GGAGAATGGAGGTTGTGTCATCTTT Nb-pds3-2 off target
33 3472614-0-F AATTGCACAATTTGACATCAAATGC Nb-pds3-2 off target
34 3472614-0-R GAAACACAAGCTGACAAGAAAGCAA | Nb-pds3-2 off target
35 2306460-16-F CTTTGGCTTTGGAGATCCAGTAGAA | Nb-pds3-2 off target
36 2306460-16-R TGGAGGTAGCAGTAATCGCCATATT Nb-pds3-2 off target
37 3483953-0-F TGAACATTGGAATGCTCTTCATCAT | Nb-pds3-2 off target
38 3483953-0-R CTATACTTCCTCAATCCCTGGGCTT Nb-pds3-2 off target
39 2815907-16-F AGGACCATTTCCCTATGCCTTGTAT | Nb-pds3-2 off target
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40 2815907-16-R GGCGACATATTAGTTCGAATGGAAG | Nb-pds3-2 off target
41 236396-16-F TTTCATGTCATTTGGAGGTGATTTG | Nb-pds3-2 off target
42 236396-16-R ACCTTAATGAAGTCCCTTGATTCCC | Nb-pds3-2 off target
43 1395749-16-F AGGACTTGACATGAAAGCCCAATTA | Nb-pds3-2 off target
44 1395749-16-R ACTCAAACGACGTAGTATCATGCCA | Nb-pds3-2 off target
45 3655214-0-F AGTATGGTGTTGTGAAGGAGGCATT | Nb-pds3-2 off target
46 3655214-0-R CTTCCAAACAGCGCTCTCTTAGAAC | Nb-pds3-2 off target
47 649861-16-F ATACCCTCTCAAACACTTCGTCCAG | Nb-pds3-2 off target
48 649861-16-R AGATTTAGTGGTGACCAGGGCATTA | Nb-pds3-2 off target
49 977912-0-F CTCTCAAGGTTGGAGGAACTTGAAA | Nb-pds3-2 off target
50 977912-0-R AAATGGGTTTCGCCATCACTAAGTA | Nb-pds3-2 off target
6 MISMATCHES
51 6771578-0-F ATGACATAATCGGAAGCAACAACCT | Nb-pds3-2 off target
52 6771578-0-R GCCTTGGTTTCTACAGTTCGAAAGA | Nb-pds3-2 off target
53 28210697-16-F AATAGGCTGAACCACTCTCACTGCT | Nb-pds3-2 off target
54 28210697-16-R TGGAGGCTAATTCTAAAGGAAAGGC | Nb-pds3-2 off target
55 9388034-16-F AGGACGGCTTCTAAGGTGCTTAGTT | Nb-pds3-2 off target
56 9388034-16-R TCAAGGCCTACATAGCCTTATGCTC | Nb-pds3-2 off target
57 9020645-16-F ACACTTTGGAAGAATTTGCACATCA | Nb-pds3-2 off target
58 9020645-16-R TCAACTGTCGTAATGCCCAACATAC | Nb-pds3-2 off target
59 25640405-0-F CCGGTAACTTGGGACACCATAATAA | Nb-pds3-2 off target
60 25640405-0-R TTGGAAATAATCAGGATTTGGATGG | Nb-pds3-2 off target
61 11029229-0-F ATGAGGCATCTACACCAATTGTTCA | Nb-pds3-2 off target
62 11029229-0-R CTTCCTTGTTTATCATGGGTTCACC | Nb-pds3-2 off target
63 1668194-16-F GTGCTCCTCTGCTTATGGCTTGTAT | Nb-pds3-2 off target
64 1668194-16-R GTACCGGCATCTTACAACTTGCTTT | Nb-pds3-2 off target
65 1313858-16-F GTATGACGTCGATAATGTGGCAGAG | Nb-pds3-2 off target
66 1313858-16-R GAACCAATAGCATAACGACAAGGGT | Nb-pds3-2 off target
67 6884889-16-F AGTTGCCTCTATTGCCTTCACTTTG | Nb-pds3-2 off target
68 6884889-16-R GTTCTCACTTCGAGGAAAGGCATTA | Nb-pds3-2 off target
69 9019907-0-F ATGATGGTGTGATCAGGAGATGTGT | Nb-pds3-2 off target
70 9019907-0-R GACCAATCAATTCAATTTGCATTGA | Nb-pds3-2 off target
71 24706946-16-F GTTTGGTGCAATAAGAACTGAACCC | Nb-pds3-2 off target
72 24706946-16-R AACATCTCCAACCTCACTTCTTTCG | Nb-pds3-2 off target
73 8645480-0-F TCTCCGAGAACTCTCCTGAATCACT | Nb-pds3-2 off target
74 8645480-0-R TGTACTACGTGAAACATGTTGGGCT | Nb-pds3-2 off target
75 12205859-0-F TTAAGTGCTTGACATACCAGCCTCA | Nb-pds3-2 off target
76 12205859-0-R GCCTTCTTCCTTCTCTTCCTCAATT | Nb-pds3-2 off target
77 10568921-16-F AACACTTCGATTAAGGACGATTGGA | Nb-pds3-2 off target
78 10568921-16-R AAACCTGGACCGTTGATCAAATAGA | Nb-pds3-2 off target
79 10857750-0-F ACTGACACCGTCTGGTAGAAGGACT | Nb-pds3-2 off target
80 10857750-0-R TGTCCACTCCTCAACGATATCACAT | Nb-pds3-2 off target
81 1710512-16-F AGAAGGCCTAGTGACTCTGCTTGAA | Nb-pds3-2 off target
82 1710512-16-R CTCATCTCGAGCATCAACATCATCT Nb-pds3-2 off target
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83 599232-16-F AATATCTTTGTTCCTGGTCAGCCAA | Nb-pds3-2 off target
84 599232-16-R TAAATGCATTTCAGGCTGGAAACTT Nb-pds3-2 off target
85 2639758-0-F TCCATATTTCTGATTCGCGGACTAT | Nb-pds3-2 off target
86 2639758-0-R TTTGTAACTTGTCCGAGCCTCTTTC | Nb-pds3-2 off target
7 MISMATCHES
87 161845497-16-F TTGGGATTGTGATCCGAATAACTCT Nb-pds3-2 off target
88 161845497-16-R | GCATATTCCGACCGAATAGTCTACG | Nb-pds3-2 off target
89 66367769-0-F TATTTGGAATCCAAGCCCTTCAGTA | Nb-pds3-2 off target
90 66367769-0-R TGAAGGCATGCATTTCATTAAGTTG | Nb-pds3-2 off target
91 60631893-16-F GAAGAGTTCGAAGCCAGTCAAGAAG | Nb-pds3-2 off target
92 60631893-16-R TGACAGACAAAGATCATCACTGCAG | Nb-pds3-2 off target
93 5303471-16-F GCTCATAAACTCACCCTAAAGGCAA | Nb-pds3-2 off target
94 5303471-16-R ACCCTTCGGGAATTGGTATCACTAT | Nb-pds3-2 off target
95 23533037-16-F ACCCAGACTAGGAAATGCTTCTCCT | Nb-pds3-2 off target
96 23533037-16-R TCGCAAATCATATTGCTTAAGAACA | Nb-pds3-2 off target
97 13305716-0-F CTCGTACTCGGCTTCGTTGTTAGTT | Nb-pds3-2 off target
98 13305716-0-R CTCTCTCTAGGTTCATCTCGCGATC | Nb-pds3-2 off target
99 110292002-16-F CATGGTTTGCTGATGTTTCCAATTA | Nb-pds3-2 off target
100 110292002-16-R | GCTCTAACTCGACCGTAAGATGGAA | Nb-pds3-2 off target
101 58328972-0-F TAACATAGACACGTGAAACATCGGG | Nb-pds3-2 off target
102 58328972-0-R TCTTTGACATGGTCAGACTGCTTTC | Nb-pds3-2 off target
103 109561616-16-F CCTAGAATGCGGTGGATCAGATTAC | Nb-pds3-2 off target
104 109561616-16-R | ACCAACATTATCATGGTCAAGGACA | Nb-pds3-2 off target
105 118708061-0-F ATTCTAGCTGAACTTGCAGAGGATG | Nb-pds3-2 off target
106 118708061-0-R TATAAACGTTTGTCTCAACAGTCCC | Nb-pds3-2 off target
107 2542427-16-F ATGTTTGGCAACGAGAAAGAATCTC Nb-pds3-2 off target
108 2542427-16-R ACATAATCAGATCAGTGGTCGTGGA | Nb-pds3-2 off target
109 73089692-16-F CCACATTTAGGAATGATGCGACATA | Nb-pds3-2 off target
110 73089692-16-R TCTGCTCTCCTTATCGTTCGAGTCT | Nb-pds3-2 off target
111 7004096-16-F GAATGGAAGGGAAATAGTGTTGTGC | Nb-pds3-2 off target
112 7004096-16-R GATCCTCCCTATTCCGCGAATATAC | Nb-pds3-2 off target
113 18989987-16-F TCGATAAGTCTGATACCGACGGTTT | Nb-pds3-2 off target
114 18989987-16-R TCACTTACTGCTTCATTGATGGAGG | Nb-pds3-2 off target
115 59347010-16-F AGTATATTCAATTGCGCTCACTGGG | Nb-pds3-2 off target
116 59347010-16-R GTGCTATGTTGAGCTGAGACATGCT | Nb-pds3-2 off target
117 19927971-16-F AGATGAAGCATTTGACATGTGCATT Nb-pds3-2 off target
118 19927971-16-R TGGAAGAACTTGTTCCATCACATGT Nb-pds3-2 off target
119 61274140-0-F GACTTGACAAGTGGGACCCATTAAC | Nb-pds3-2 off target
120 61274140-0-R ATTTGACGTGGATCAGTTGCAAGTA | Nb-pds3-2 off target
121 2246445-16-F CTACAGGGACCTGAACAAAGCAAGT Nb-pds3-2 off target
122 2246445-16-R CAACTTAAATATGAGCTCGCACGTG | Nb-pds3-2 off target
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Example 8
Table 3: Somatic and germline mutations in Arabidopsis plants infected with TRV
GFP’* Plant Next Generation Seedlings
TRV2 Vector Plant | Phenotype | NHEJ Seeds GUS | NHEJ | SSA
ID screened + PCR | PCR
TRV2- 1.1 ++++ D 1120 4 0/120 | 0/120
sgP::Zif268:Fokl: T2A:GFP
1.2 ++++ ND 600 0
1.3 ++++ ND 300 0
1.4 ++++ ND 800 0
2.1 ++ ND 200 0
2.2 ++ D 200 0 0/47 0/47
2.3 ++ ND 200 0
3.1 ++ N/A 50 0
3.2 +++ N/A 1300 0
3.3 ++++ ND 1250 0*
3.4 ++ D 200 1
3.5 ++ ND 100 0
3.6 +++ ND 1100 0
3.7 +++ ND 950 0
3.8 + N/A 0 N/A
3.9 + N/A 0 N/A
3.10 ++++ N/A 930 0
3.11 ++ N/A 20 0
TRV2- 1.1 ++++ N/A 600 0
sgP::Zif268:FoklA: T2A:GFP
1.2 ++++ N/A 800 0
1.3 ++++ N/A 400 0
1.4 ++++ N/A 500 0
3.1 ++++ ND 680 0*
3.2 ++++ ND 550 0
TRV2-sgP:GFP 3.1 ++++ ND 800 0
3.2 ++++ N/A 800 0
3.3 ++++ N/A 600 0
3.4 ++++ N/A 610 0
Non-Infiltrated Control 10500 0

Plants were infected with a TRV construct expressing a Zif268:Fokl ZFN and GFP
separated by the T2A translational skipping sequence (TRV2-sgP:Zif268:Fokl: T2A:GFP).

GFP fluorescence served as a measure of virus spread through the plant. The control
construct (TRV2-sgP:Zif268:FoklA: T2A:GFP) had an inactive Fokl nuclease and served as a
negative control. TRV2-sgP:GFP was an additional negative control D, detected a

cleavage-resistant product; ND, did not detect a cleavage-resistant product; N/A, did not test.

++++, wild type phenotype; +++, mild phenotype: slightly stunted growth; ++, moderate

phenotype: plants were noticeably smaller than controls, produced lower numbers of seeds;

+, severe phenotype: stunted growth, no seeds produced.*, found two seedlings with blue

roots. Plants 3.8 and 3.9 did not produce seed.
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1. A method for modifying a target site in the genome of a plant cell, the method comprising
providing a nucleic acid sequence encoding a guide RNA-PAM to a plant cell having a Cas
endonuclease, wherein the guide RNA is delivered to the plant cell by a plant virus vector, and
wherein said guide RNA and Cas endonuclease are capable of forming a complex that enables

the Cas endonuclease to introduce a double strand break at said target site.

2. The method of claim 1, further comprising providing to the plant cell a heterologous donor
DNA, wherein said heterologous donor DNA comprises a polynucleotide of interest desired to

be incorporated into the genome of the plant cell.

3. The method of claim 1 or 2, wherein said method further comprises identifying at least one
plant cell that has a modification at said target, wherein the modification includes at least one

deletion or substitution of one or more nucleotides in said target site.

4. The method of any of claims 1 - 3, wherein the plant virus vector is a genome of the Tobacco
Rattle Virus (TRV).

5. The method of claim 5, wherein the nucleic acid sequence encoding a guide RNA-PAM is
inserted into the TRV-RNA2 genome of the TRV-derived vector.

6. The method of any of claims 1 - 5, wherein the plant cell is a genetically modified plant cell
comprising a heterologous nucleic acid encoding a Cas9 endonuclease operably linked to a

promoter.
7. The method of any of claims 1 - 5, wherein the plant cell is a stable transgenic variant
comprising a heterologous nucleic acid encoding a Cas9 endonuclease operably linked to a

promoter.

8. The method of claim 6, wherein the heterologous nucleic acid encoding the Cas

endonuclease gene is a plant optimized nucleic acid sequence.

SUBSTITUTE SHEET (RULE 26)
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9. The method of claim 2, wherein the plant cell is in a tissue of a plant and the recombinant
viral vector is delivered to the plant cell by infecting the plant with the bacterial vector, by

systemically delivering the viral vector, or by mechanical injury to a surface of the plant.

10. The method of claim 9, wherein the bacterial vector is an Agrobacterium tumefaciens.

11. The method of claim 1, wherein the plant cell is an isolated plant cell and wherein the

method further comprises culturing said plant cell to generate a plant seedling or a mature plant.

12. The method of claim 1 further comprising targeting a plurality of target sites in the same
recipient plant cell or cells, wherein step (a) of said method comprises delivering to the plant cell
expressing a Cas9 endonuclease a plurality of recombinant viral vectors, wherein said viral
vectors each independently comprises a nucleic acid sequence encoding a guide RNA-PAM
complementary to a targeted region of the plant cell genome and a Protospacer Adjacent Motif
(PAM), and wherein each member of the plurality of recombinant viral vectors comprises a

gRNA-PAM sequence not found in the other recombinant viral vectors delivered to the plant cell.

13. A method for modifying a target site in the genome of a plant cell, the method comprising
providing a nucleic acid sequence encoding a guide RNA-PAM to a plant cell having a Cas

endonuclease, and optionally a polynucleotide modification template, wherein the guide RNA,
and optionally the polynucleotide modification template, is delivered to the plant cell by a plant
virus vector, and wherein said guide RNA and Cas endonuclease are capable of forming a

complex that enables the Cas endonuclease to introduce a double strand break at said target
site, and wherein said polynucleotide modification template comprises at least one nucleotide

modification of said target site.

14. The method of claim 13, wherein the target site in the genome of a cell is selected from the
group consisting of a promoter sequence, a terminator sequence, a regulatory element
sequence, a splice site, a coding sequence, a polyubiquitination site, an intron site and an intron

enhancing motif.
15. A recombinant nucleic acid construct comprising a plant virus vector comprising a promoter

operably linked to a nucleic acid sequence encoding a guide RNA-PAM, wherein said guide

RNA is capable of forming a complex with a plant optimized Cas9 endonuclease, and wherein

SUBSTITUTE SHEET (RULE 26)
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said complex is capable of binding to and creating a double strand break in a genomic target

sequence said plant genome.

16. The recombinant nucleic acid construct of claim 15, wherein the plant virus vector is a
genome of the Tobacco Rattle Virus (TRV).

17. The recombinant nucleic acid construct of claim 15 or 16, wherein the nucleic acid
sequence encoding a guide RNA-PAM is inserted into the TRV-RNA2 genome of the TRV-

derived vector.

18. A genetically modified plant, or a progeny thereof, generated by a method for modifying a
target site in the genome of a plant cell, the method comprising genetically modifying plant cell
or cells or cells having a Cas endonuclease by providing to said cell or cells a recombinant
nucleic acid construct comprising a nucleic acid sequence encoding a guide RNA-PAM, and
optionally a polynucleotide modification template, wherein the guide RNA-PAM, and optionally
the polynucleotide modification template, is delivered to the plant cell or cells by a plant virus
vector, and wherein said guide RNA-PAM and Cas endonuclease are capable of forming a
complex that enables the Cas endonuclease to introduce a double strand break at said target
site, and wherein said polynucleotide modification template comprises at least one nucleotide
modification of said target site; culturing the genetically modifying plant cell or cells or cells to
generate a plant embryo or mature plant; and optionally generating progeny from said embryo

or mature plant.

19. The genetically modified plant, or a progeny thereof, of claim 18, wherein the plant virus

vector is a genome of the Tobacco Rattle Virus (TRV).
20. The genetically modified plant, or a progeny thereof, of claim 18 or 19, wherein the nucleic

acid sequence encoding a guide RNA-PAM is inserted into the TRV-RNA2 genome of the TRV-
derived vector.

SUBSTITUTE SHEET (RULE 26)
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Cas9 sequence (flag-nls-cas9-nls) (SEQ ID NO: 1)

ATGGACTATAAGGACCACGACGGAGACTACAAGGATCATGATATTGATTACAAAGACGATGACGATAAGA
TGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCGACAAGAAGTACAGCATCGG
CCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAAGAAA
TTCAAGGTGCTGGGCAACACCGACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACA
GCGGCGAAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCG
GATCTGCTATCTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCCACAGACTG
GAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGCACCCCATCTTCGGCAACATCGTGGACG
AGGTGGCCTACCACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAA
GGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAG
GGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGC
TGTTCGAGGAAAACCCCATCAACGCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAA
GAGCAGACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGAAACCTG
ATTGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGC
AGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGA
CCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAG
ATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGC
TGAAAGCTCTCGTGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGG
CTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAA
AAGATGGACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCT
TCGACAACGGCAGCATCCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGA
TTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCCCTACTAC
GTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCC
CCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAACTT
CGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGCTGTACGAGTACTTCACCGTGTAT
AACGAGCTGACCAAAGTGAAATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGA
AAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAGGACTA
CTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTG
GGCACATACCACGATCTGCTGAAAATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACA
TTCTGGAAGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAAC
CTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATACACCGGCTGGGGCAGG
CTGAGCCGGAAGCTGATCAACGGCATCCGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGT
CCGACGGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACAT
CCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCAGLCCCC
GCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGGCACA
AGCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCG
CGAGAGAATGAAGCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTG
GAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTACGTGG
ACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATATCGTGCCTCAGAGCTTTCTGAA
GGACGACTCCATCGACAACAAGGTGCTGACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGLCCC
TCCGAAGAGGTCGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGA
GAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAA
GAGACAGCTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACT
AAGTACGACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCAAGCTGGTGTCCG
ATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGCCTA
CCTGAACGCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGC
GACTACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCTACCGCCA
AGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCG

Fig. 14
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GAAGCGGCCTCTGATCGAGACAAACGGCGARAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCC
ACCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCT
TCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCC
TAAGAAGTACGGCGGCTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCARAGTGGAARAAG
GGCAAGTCCAAGAAACTGAAGAGTGTGARAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCG
AGAAGAATCCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCT
GCCTAAGTACTCCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAACTGCAG
AAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGTACCTGGCCAGCCACTATGAGAAGC
TGAAGGGCTCCCCCGAGGATAATGAGCAGARAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGA
GATCATCGAGCAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTG
TCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTTACCC
TGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAG
CACCAAAGAGGTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGAC
CTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGCCACGARAAAGGCCGGCCAGGCAAAAAAGARAAAAGE

N Fig. 14-cont’d

sgRNA (NB-PDS3) sequence and map (SEQ ID NO: 2)
““\\ TR ST RS R

TEETAGTAGUGACTCCATGCTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC
TTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

Kard By B3 - Ml - Syt N BEUR R Fad s
B i ER s
R I S R SRR S

NB-PDS3-2-Ncol-gRNA for SPDK-TRV
Fig. 15

NB-PDS3 selected region and map (SEQ ID NO: 3).

Gaaacacatcacctaggcggtttcataccgaggtaacaaatgattttggtttctttggttacatcagctyg
aatgctttacttgagaaaagctttctccttttccecgtttaggatcttgtttatttgectttecgtttttcta
ctcgttaaaattttaacttgattttgtgggtgaattataactttactcatagtgcgagaacaagtttcgt
atggactgtaaaagctagaatcttttttacttttgcatataaatttgtgtaataaatgcttaagaaccag
aatattgaaaaaacaaaggaattctacatagtatttaggttcacaagtgggacaatcttcttacagtgaa
atatctttatgtcaggcttaatttactgctattttgttcagtaaaatgccccaaattggacttgtttctyg
ccgttaatttgagagtccaaggtaattcagcttatctttggagctcgaggtcttectttgggaactgaaag
tcaagatggtcgcttgcaaaggaatttgttatgt T TGETASTAGUGACTCCATEgggcataagtttaga
attcgtactcccagtgccatgaccagaagattgacaaaggacttcaatcctttaaaggtttgttttgaat
gcgaaagtgtgatgctgaatttatgatcacgagcatatattctctaaaataagatatcttgccattcagg
tagtctgcattgattatccaagaccggagctagacaatacagttaactatttggaggcggcgttatcate
atcatcatttcgtacttcctcacgccc

REE R Nt e

A

SUED NN

NB-PDS3 797bp

Fig. 16



WO 2015/189693 PCT/IB2015/001202
16/30

sgRNA (NB.PCNA) sequence and map (SEQ ID NO: 4)
totgacogtsatatiteasatGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

Staet (0 Hepl Ay Bant (o1} Fod {163}

251 WoT 3 100¢
R R T R R

NB.PCNA Target 2

Fig. 17

NB-PCNA selected region and map (SEQ ID NO: 5)
CCTAACCCTAATTTCCCCAGACCTTCTCAAAGCCCCTTTTTCATAGAAAATGTTGGAATTACGGCTTGTT
CAGGGAAGTCTGCTGAAGAAGGTTCTAGAATCAATTAAGGATCTGGTGAACGATGCGAACTTCGATTGCT
CTGCCACCGGATTCTCTCTGCAGGCCATGGATTCCAGCCACGTAGCGTTGGTGGCGCTGCTGCTCCGATC
TGAGGGTTTTGAGCACTATCGTRGETGACCETARTATTTCAATGGGGATGAACCTTGGTAACATGGCTAAA
ATGCTCAAATGTGCGGGGAATGATGACATCATCACCCTCAAGGCTGACGATGGCAGTGACACCGTCACTT
TCATGTTTGAAAGCCCCAGTAAGTTCCAAAACTTATTTTTCTTCTGAAGCCTATTTTTTTCGTAAGTTGT
GTAGCATATAAATAAGACCTAGAAACATTGTAAAATTTGTTATGTAAAGTTGCAAATTGTTCATTGCCTT
TCCCAAAATATGTGACCTTTTTTTTGCTTATGATTGCTCTTTTTTAGTACTTTGATATACCTTTTGGTTA
TTTTGACGTGGGAAAAATTGCAGCTAATAGTACTTTTGACAGTCTTTGAATATCTTAGATTTAAATTTTG
AAAATTATTATCTACTGATTCTAAATAATTATAAGTGAAATAAACTTGTTTATTTAGCTCAAAATTTTTA
TAATTGATATTTGATCCAATAGATAAAATTGCAGCTAAATAGTGTTTTTGCAATAGTGTTTGAATATCAA
TGTTAATTTTTTTATAAATTTTAGCTCGGAAGTGATAATATTAAAAAAGTATAAAATAAAAATGAGTTAA
ACTTGTTTGATTTAGCTTGGAAGTGATATTATTGACATTTGATACAAGAAATTGGCATTGGCTATTTTCA
TCATAGCGTGTGGTGTTGCGTGTATTAAGCTGAATATATAGTTTTAGAAATTGTGATTTGATTCTGAATT
TGGATTTACTCTACTATTCTTCCATTGTTATGGCTGGGTGTAACTAAGTATACTGTAACGTATCACAGCC
CAAGACAAGATTGCTGATTTTGAGATGAAGCTGATGGACATTGACAQ;

\"mz T el G Y Pral iy 5\:&(! v el _‘.:z::! iy ANy Mt o Daest

SRR

SRS NN Y

B TERGET Ragd RIS GRS

Consensus_PCNA-our_genomic_tobaccom‘i 6§8bp

Fig. 18
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PYL156 RNAZ complete sequence (SEQ ID NO: 6)
aagcttgcatgcctgcaggtcaacatggtggagcacgacactctcgtctactccaagaatatcaaagata

cagtctcagaagaccagagggctattgagacttttcaacaaagggtaatatcgggaaacctcctcggatt
ccattgcccagctatctgtcacttcatcgaaaggacagtagaaaaggaagatggcttctacaaatgccat
cattgcgataaaggaaaggctatcgttcaagatgcctctaccgacagtggtcccaaagatggacccccac
ccacgaggaacatcgtggaaaaagaagacgttccaaccacgtcttcaaagcaagtggattgatgtgatgg
tcaacatggtggagcacgacactctcgtctactccaagaatatcaaagatacagtctcagaagaccagag
ggctattgagacttttcaacaaagggtaatatcgggaaacctcctcggattccattgecccagectatcectgt
cacttcatcgaaaggacagtagaaaaggaagatggcttctacaaatgccatcattgcgataaaggaaagg
ctatcgttcaagatgcctctaccgacagtggtcccaaagatggacccecccacccacgaggaacatcgtgga
aaaagaagacgttccaaccacgtcttcaaagcaagtggattgatgtgatatctccactgacgtaagggat
gacgcacaatcccactatccttcgcaagacccttectectatataaggaagttcatttcatttggagagga
taaaacattgcacctatggtgttgccctggctggggtatgtcagtgatcgcagtagaatgtactaattga
caagttggagaatacggtagaacgtccttatccaacacagcctttatccctctceccecctgacgaggtttttyg
tcagtgtaatatttctttttgaactatccagcttagtaccgtacgggaaagtgactggtgtgcttatctt
tgaaatgttactttgggtttcggttctttaggttagtaagaaagcacttgtcttctcatacaaaggaaaa
cctgagacgtatcgcttacgaaagtagcaatgaaagaaaggtggtggttttaatcgctaccgcaaaaacyg
atggggtcgttttaattaacttctcctacgcaagcgtctaaacggacgttggggttttgctagtttcttt
agagaaaactagctaagtctttaatgttatcattagagatggcataaatataatacttgtgtctgctgat
aagatcattttaatttggacgattagacttgttgaactacaggttactgaatcacttgcgctaatcaaca
tgggagatatgtacgatgaatcatttgacaagtcgggcggtecctgectgacttgatggacgattcttgggt
ggaatcagtttcgtggaaagatctgttgaagaagttacacagcataaaatttgcactacagtctggtaga
gatgagatcactgggttactagcggcactgaatagacagtgtccttattcaccatatgagcagtttccag
ataagaaggtgtatttccttttagactcacgggctaacagtgctcttggtgtgattcagaacgcttcage
gttcaagagacgagctgatgagaagaatgcagtggcgggtgttacaaatattcctgcgaatccaaacaca
acggttacgacgaaccaagggagtactactactaccaaggcgaacactggctcgactttggaagaagact
tgtacacttattacaaattcgatgatgcctctacagctttccacaaatctctaacttcgttagagaacat
ggagttgaagagttattaccgaaggaactttgagaaagtattcgggattaagtttggtggagcagctgcet
agttcatctgcaccgcctccagecgagtggaggteccgatacgtecctaatcecctagggatttaaggacgtga
actctgttgagatctctgtgaaattcagagggtgggtgataccatattcactgatgccattagcgacatce
taaatagggctaattgtgactaatttgagggaatttcctttaccattgacgtcagtgtcgttggtagecat
ttgagtttcgcaatgcacgaattacttaggaagtggcttgacgacactaatgtgttattgttagataatyg
gtttggtggtcaaggtacgtagtagagtcccacatattcgcacgtatgaagtaattggaaagttgtcagt
ttttgataattcactgggagatgatacgctgtttgagggaaaagtagagaacgtatttgtttttatgttec
aggcggttcttgtgtgtcaacaaagatggacattgttactcaaggaagcacgatgagctttattattacyg
gacgagtggacttagattctgtgagtaaggttaccgaattctctagaaggcctccatggggatccggtac
cgagctcacgcgtctcgaggcccgggcatgtcccgaagacattaaactacggttectttaagtagatcecegt
gtctgaagttttaggttcaatttaaacctacgagattgacattctcgactgatcttgattgatcggtaag
tcttttgtaatttaattttctttttgattttattttaaattgttatctgtttctgtgtatagactgtttyg
agatcggcgtttggccgactcattgtcttaccataggggaacggactttgtttgtgttgttattttattt
gtattttattaaaattctcaacgatctgaaaaagcctcgcggctaagagattgttggggggtgagtaagt
acttttaaagtgatgatggttacaaaggcaaaaggggtaaaacccctcgcecctacgtaagcegttattacge
ccgtctgtacttatatcagtacactgacgagtccctaaaggacgaaacgggagaacgctagccaccacca
ccaccaccacgtgtgaattacaggtgaccagctcgaatttccccgatecgttcaaacatttggcaataaag
tttcttaagattgaatcctgttgccggtcttgecgatgattatcatataatttctgttgaattacgttaag
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tgtgcatgccaaccacagggttcccecctecgggatcaaagtactttgatccaacccctecgetgectatagtyg
cagtcggcttctgacgttcagtgcagccgtcttctgaaaacgacatgtcgcacaagtcecctaagttacgeyg
acaggctgccgccctgecccttttectggegttttettgtegegtgttttagtcgcataaagtagaatact
tgcgactagaaccggagacattacgccatgaacaagagcgccgceccgctggectgectgggctatgececgeg
tcagcaccgacgaccaggacttgaccaaccaacgggccgaactgcacgcggeccggctgcaccaagectgtt
ttccgagaagatcaccggcaccaggcgcgaccgcecccggagcectggeccaggatgecttgaccacctacgecct
ggcgacgttgtgacagtgaccaggctagaccgcctggcccgcagcacccgecgacctactggacattgecg
agcgcatccaggaggccggcgcgggcctgecgtagectggcagagecgtgggecgacaccaccacgccggce
cggccgcatggtgttgaccgtgttcgeccggcattgeccgagttcgagegttecctaatcatcgacecgecacce
cggagcgggcgcgaggccgccaaggcecccgaggcgtgaagtttggeccececgecctaccctcaceccecggceac
agatcgcgcacgcccgcgagctgatcgaccaggaaggceccgcaccgtgaaagaggecggctgcactgettgg
cgtgcatcgctcgaccctgtaccgecgcacttgagecgcagcgaggaagtgacgecccaccgaggeccaggcgyg
cgcggtgccttceccecgtgaggacgcattgaccgaggccgacgccecctggecggecgecgagaatgaacgceccaag
aggaacaagcatgaaaccgcaccaggacggccaggacgaaccgtttttcattaccgaagagatcgaggceg
gagatgatcgcggccgggtacgtgttcgageccgeccecgegcacgtctcaaccgtgecggectgcatgaaatce
tggccggtttgtctgatgccaagctggcggectggeccggccagecttggecgectgaagaaaccgagcgcecg
ccgtctaaaaaggtgatgtgtatttgagtaaaacagcttgcgtcatgcggtcgectgecgtatatgatgcga
tgagtaaataaacaaatacgcaaggggaacgcatgaaggttatcgctgtacttaaccagaaaggcgggtc
aggcaagacgaccatcgcaacccatctagcccgecgecctgcaactcgecggggecgatgttectgttagte
gattccgatccccagggcagtgcecccgecgattgggecggeccgtgecgggaagatcaaccgctaacecgttgteg
gcatcgaccgcccgacgattgaccgcgacgtgaaggccatcggeccggegcgacttecgtagtgatcgacgg
agcgccccaggcggcggacttggectgtgteccgecgatcaaggcagecgacttegtgetgattececggtgecag
ccaagcccttacgacatatgggccaccgccgacctggtggagectggttaagcagecgcattgaggtcacgyg
atggaaggctacaagcggcctttgtcgtgtcgecgggcgatcaaaggcacgecgcatcggecggtgaggttgce
cgaggcgctggccgggtacgagctgcccattcttgagtcccgtatcacgcagegecgtgagectacccagge
actgccgccgceccggcacaaccgttcttgaatcagaacccgagggcgacgctgecccgecgaggteccaggcecgce
tggccgctgaaattaaatcaaaactcatttgagttaatgaggtaaagagaaaatgagcaaaagcacaaac
acgctaagtgccggccgtceccgagcgcacgcagcagcaaggctgcaacgttggceccagectggcagacacgce
cagccatgaagcgggtcaactttcagttgccggcggaggatcacaccaagctgaagatgtacgcggtacyg
ccaaggcaagaccattaccgagctgctatctgaatacatcgcgcagctaccagagtaaatgagcaaatga
ataaatgagtagatgaattttagcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgac
gccgtggaatgccccatgtgtggaggaacgggcecggttggeccaggecgtaageggctgggttgtetgecggce
cctgcaatggcactggaacccccaagcccgaggaatcggecgtgacggtcgcaaaccateccggececggtac
aaatcggcgcggcgctgggtgatgacctggtggagaagttgaaggccgcgcaggeccgcecccagecggcaacyg
catcgaggcagaagcacgccccggtgaatcgtggcaagecggecgctgatcgaatccgcaaagaatecccgyg
caaccgccggcagccggtgcgceccgtcgattaggaagccgcecccaagggcgacgagcaaccagatttttteg
ttccgatgctctatgacgtgggcacccgcgatagtcecgcagcatcatggacgtggeccgttttececgtetgte
gaagcgtgaccgacgagctggcgaggtgatccgctacgagcttccagacgggcacgtagaggtttcececgea
gggccggccggcatggccagtgtgtgggattacgacctggtactgatggcggtttcccatctaaccgaat
ccatgaaccgataccgggaagggaagggagacaagcccggceccgcecgtgttecgtceccacacgttgecggacgt
actcaagttctgccggcgagccgatggcggaaagcagaaagacgacctggtagaaacctgcattcggtta
aacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggccgcectggtgacggtatccgagg
gtgaagccttgattagccgctacaagatcgtaaagagcgaaaccgggcggeccggagtacatcgagatcga
gctagctgattggatgtaccgcgagatcacagaaggcaagaacccggacgtgctgacggttcaccececgat
tactttttgatcgatcccggcatcggecgttttcectcectaccgectggcacgeccgcgecgcaggcaaggecaqg
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gtacattgggaacccaaagccgtacattgggaaccggaacccgtacattgggaacccaaagccgtacatt
gggaaccggtcacacatgtaagtgactgatataaaagagaaaaaaggcgatttttccgcecctaaaactctt
taaaacttattaaaactcttaaaacccgcctggectgtgcataactgtctggccagecgcacagccgaaga
gctgcaaaaagcgcctacccttecggtecgectgegetceccctacgeccecgecgcettegegteggectategeg
gccgctggceccgctcaaaaatggectggectacggeccaggcaatctaccagggecgecggacaageccgcgecgt
cgccactcgaccgccggcecgcecccacatcaaggcaccctgectegegegttteggtgatgacggtgaaaacce
tctgacacatgcagctcccggagacggtcacagecttgtctgtaagecggatgeccgggagcagacaagcccyg
tcagggcgcgtcagcgggtgttggcgggtgtcggggcgcageccatgacccagtcacgtagecgatagegga
gtgtatactggcttaactatgcggcatcagagcagattgtactgagagtgcaccatatgcggtgtgaaat
accgcacagatgcgtaaggagaaaataccgcatcaggcgctcecttcececgecttectegcectcactgactegetyg
cgctcggtcgttcggctgcggecgagecggtatcagctcactcaaaggecggtaatacggttatccacagaat
caggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgce
gttgctggcgtttttccataggctccgceccccececctgacgagcatcacaaaaatcgacgectcaagtcagagyg
tggcgaaacccgacaggactataaagataccaggcgtttccececctggaagcecteccecctegtgegetcectectyg
ttccgaccctgceccgcecttaccggatacctgteccgectttectececcttecgggaagegtggegetttcectecatag
ctcacgctgtaggtatctcagttcggtgtaggtcgttcecgctccaagectgggctgtgtgcacgaaccccce
gttcagcccgaccgctgcgcecttatccggtaactatcecgtcecttgagtccaacccggtaagacacgacttat
cgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttctt
gaagtggtggcctaactacggctacactagaaggacagtatttggtatctgcgctctgctgaagccagtt
accttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagecggtggtttttttyg
tttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtce
tgacgctcagtggaacgaaaactcacgttaagggattttggtcatgcattctaggtactaaaacaattca
tccagtaaaatataatattttattttctcccaatcaggcttgatccccagtaagtcaaaaaatagctcga
catactgttcttccccgatatcecctececctgatcgaccggacgcagaaggcaatgtcataccacttgtcecge
cctgccgcttctcecccaagatcaataaagccacttactttgeccatctttcacaaagatgttgectgtetcecce
aggtcgccgtgggaaaagacaagttcctcttcgggecttttececgtectttaaaaaatcatacagectcgegeg
gatctttaaatggagtgtcttcttcccagttttcecgcaatccacatcggccagatecgttattcagtaagta
atccaattcggctaagcggctgtctaagctattcgtatagggacaatccgatatgtcgatggagtgaaag
agcctgatgcactccgcatacagctcgataatcttttcagggectttgttcatcttcatactecttceccgage
aaaggacgccatcggcctcactcatgagcagattgctccageccatcatgeccgttcaaagtgcaggacctt
tggaacaggcagctttccttccagccatagcatcatgtecttttececegtteccacatcataggtggtceccect
ttataccggctgtccgtcatttttaaatataggttttcattttctecccaccagecttatataccttagcag
gagacattccttccgtatcttttacgcagcggtatttttcgatcagttttttcaattccggtgatattcet
cattttagccatttattatttccttectecttttctacagtatttaaagataccccaagaagctaattata
acaagacgaactccaattcactgttccttgcattctaaaaccttaaataccagaaaacagctttttcaaa
gttgttttcaaagttggcgtataacatagtatcgacggagccgattttgaaaccgcggtgatcacaggceca
gcaacgctctgtcatcgttacaatcaacatgctaccctccgcgagatcatececgtgtttcaaacccggcag
cttagttgccgttcttccgaatagcatcggtaacatgagcaaagtctgeccgecttacaacggcectectcececeg
ctgacgccgtcccggactgatgggctgectgtatcgagtggtgattttgtgeccgagetgecggtcgggga
gctgttggctggctggtggcaggatatattgtggtgtaaacaaattgacgcttagacaacttaataacac
attgcggacgtttttaatgtactgaattaacgccgaattaattcctaggccaccatgttgggcccggege
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Arabidopsis U6 promoter sequence for expression of sgRNA
(SEQ ID NO: 7)

agaaatctcaaaattccggcagaacaattttgaatctcgatccgtagaaacgagacggtcattgttttag
ttccaccacgattatatttgaaatttacgtgagtgtgagtgagacttgcataagaaaataaaatctttag
ttgggaaaaaattcaataatataaatgggcttgagaaggaagcgagggataggcctttttctaaaatagg
cccatttaagctattaacaatcttcaaaagtaccacagcgcttaggtaaagaaagcagctgagtttatat

atggttagagacgaagtagtgatt

Fig. 21



WO 2015/189693 PCT/IB2015/001202
21/30

SPDK-RNAZ complete sequence and map (SEQ ID NO: 8)
AAGCTTGCATGCCTGCAGGTCAACATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATA

CAGTCTCAGAAGACCAGAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATT
CCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGATGGCTTCTACAAATGCCAT
CATTGCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTACCGACAGTGGTCCCAAAGATGGACCCCCAC
CCACGAGGAACATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATGG
TCAACATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGACCAGAG
GGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGT
CACTTCATCGAAAGGACAGTAGAAAAGGAAGATGGCTTCTACAAATGCCATCATTGCGATAAAGGAAAGG
CTATCGTTCAAGATGCCTCTACCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAACATCGTGGA
AAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTCCACTGACGTAAGGGAT
GACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGagga
taaaacattgcacctatggtgttgccctggctggggtatgtcagtgatcgcagtagaatgtactaattga
caagttggagaatacggtagaacgtccttatccaacacagcctttatccctctceccecctgacgaggtttttyg
tcagtgtaatatttctttttgaactatccagcttagtaccgtacgggaaagtgactggtgtgecttatctt
tgaaatgttactttgggtttcggttctttaggttagtaagaaagcacttgtcttctcatacaaaggaaaa
cctgaGAcgtatcgcttacgaaagtagcaatgaaagaaaggtggtggttttaatcgCtaccgcaaaaacyg
atggggtcgttttaattaacttctcctacGCaagcgtctaaacggacgttggggttttgctagtttettt
agagaaaactagctaagtctttaatgttatcattagagatggcataaatataatacttgtgtctgctgat
aagatcattttaatttggacgattagacttgttgaactacaggttactgaatcacttgcgctaatcaach
TGggagatatgtacgatgaatcatttgacaagtcgggcggtcctgctgacttgatggacgattcttgggt
ggaatcagtttcgtggaaagatCtgttgaagaagttacacagcataaaatttgcactacagtctggtaga
gatgagatcactgggttactagcggcactgaatagacagtgtccttattcaccatatgagcagtttccag
ataagaaggtgtatttccttttagactcacgggctaacagtgctcttggtgtgattcagaacgcttcage
gttcaagagacgagctgatgagaagaatgcagtggcgggtgttacaaatattcctgcgaatccaaacaca
acggttacgacgaaccaagggagtactactactaccaaggcgaacactggctcgactttggaagaagact
tgtacacttattacaaattcgatgatgcctctacagctttccacaaatctctaacttcgttagagaacat
ggagttgaagagttattaccgaaggaactttgagaaagtattcgggattaagtttggtggagcagctgcet
agttcatctgcaccgcctccagcgagtggaggtccgatacgtecctaatcecctagggatttaaggacgtga
actctgttgagatctctgtgaaattcagagggtgggtgataccatattcactgatgccattagcgacatce
taaatagggctaattgtgactaatttgagggaatttcctttaccattgacgtcagtgtcgttggtagecat
ttgagtttcg?

AALAA i GG S GtctagalAG
GCCTCCATGGGGATCCGGTACCGAGCTCACGCGTCTCGAGGCCCGGGCatgtecccgaagacattaaacta
cgGttctttaagtagatccgtgTctgaagttttaggttcaatttaaacctacgagattgacattctcgac
tgatcttgattgatcggtaagtcttttgtaatttaattttctttttgattttattttaaattgttatctyg
tttctgtgtatagactgtttgagatcggcgtttGgCCgActcattgtcttaccataggggaacggacttt
gtttgtgttgttattttatttgtattttattaaaattctcaacgatctgaaaaagcctcecgecgGetaagag

AL

attgttggggggtgagtaagtacttttaaagtgatgatggttacaaaggcaaaaggggtaaaacccctcg
cctacgtaagcgttattacgcccGTCTGTACTTATATCAGTACACTGACGAGTCCCTAAAGGACGAAACG
GGAGaacgctagccaccaccaccaccaccacgtgtgaattacaggtgaccagctcgaatttcceccgatceg
ttcaaacatttggcaataaagtttcttaagattgaatcctgttgccggtcttgcgatgattatcatataa
tttctgttgaattacgttaagcatgtaataattaacatgtaatgcatgacgttatttatgagatgggttt
ttatgattagagtcccgcaattatacatttaatacgcgatagaaaacaaaatatagcgcgcaaactagga
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gcacaagtcctaagttacgcgacaggctgccgccectgececttttectggegttttecttgtecgegtgtttt
agtcgcataaagtagaatacttgcgactagaaccggagacattacgccatgaacaagagcgccgceccgcectyg
gcctgctgggctatgcecccgcecgtcagcaccgacgaccaggacttgaccaaccaacgggceccgaactgcacge
ggccggctgcaccaagctgttttccgagaagatcaccggcaccaggcgcgaccgcecccggagetggecagyg
atgcttgaccacctacgccctggcgacgttgtgacagtgaccaggctagaccgecctggecccgcagcacce
gcgacctactggacattgccgagcgcatccaggaggccggcgegggectgegtagectggcagageecgtyg
ggccgacaccaccacgccggceccggcecgcatggtgttgaccgtgttecgecggcattgeccgagttcecgagegt
tccctaatcatcgaccgcacccggagecgggegcgaggecgceccaaggeccgaggegtgaagtttggecccece
gccctaccctcaccceccggcacagatcgcecgcacgeccgecgagectgatcgaccaggaaggecgecaccgtgaa
agaggcggctgcactgcttggcgtgcatcgctcgaccctgtaccgecgcacttgagecgcagcgaggaagtyg
acgcccaccgaggccaggcggcgcggtgecttececgtgaggacgcattgaccgaggeccgacgecctggecgyg
ccgccgagaatgaacgccaagaggaacaagcatgaaaccgcaccaggacggccaggacgaaccgttttte
attaccgaagagatcgaggcggagatgatcgcggccgggtacgtgttcgageccgeccgegcacgtcectcaa
ccgtgcggctgcatgaaatcctggeccggtttgtectgatgeccaagectggecggectggecggeccagettgge
cgctgaagaaaccgagcgccgccgtctaaaaaggtgatgtgtatttgagtaaaacagecttgecgtcatgceg
gtcgctgcgtatatgatgcgatgagtaaataaacaaatacgcaaggggaacgcatgaaggttatcgectgt
acttaaccagaaaggcgggtcaggcaagacgaccatcgcaacccatctagcccgcegecctgcaactcecgece
ggggccgatgttctgttagtcgattccgatccccagggcagtgecccgecgattgggeggecgtgecgggaag
atcaaccgctaaccgttgtcggcatcgaccgcccgacgattgaccgecgacgtgaaggeccatcggeccggeg
cgacttcgtagtgatcgacggagcgccccaggcggcggacttggectgtgteccgecgatcaaggcagecgac
ttcgtgctgattccggtgcagccaagceccttacgacatatgggccaccgeccgacctggtggagectggtta
agcagcgcattgaggtcacggatggaaggctacaagcggcctttgtegtgtcgecgggecgatcaaaggecac
gcgcatcggcggtgaggttgccgaggecgctggceccgggtacgagctgeccattecttgagteccecgtatcacyg
cagcgcgtgagctacccaggcactgccgceccgccggcacaaccgttecttgaatcagaacccgagggcgacyg
ctgcccgcgaggtccaggcgctggeccgctgaaattaaatcaaaactcatttgagttaatgaggtaaagag
aaaatgagcaaaagcacaaacacgctaagtgccggccgtccgagcgcacgcagcagcaaggctgcaacgt
tggccagcctggcagacacgccagccatgaagcgggtcaactttcagttgeccggecggaggatcacaccaa
gctgaagatgtacgcggtacgccaaggcaagaccattaccgagctgctatctgaatacatcgcgcagcecta
ccagagtaaatgagcaaatgaataaatgagtagatgaattttagcggctaaaggaggcggcatggaaaat
caagaacaaccaggcaccgacgccgtggaatgccccatgtgtggaggaacgggcecggttggccaggecgtaa
gcggctgggttgtctgceccggeccctgcaatggcactggaacccecccaagcccgaggaatecggegtgacggte
gcaaaccatccggcccggtacaaatcggcgecggegctgggtgatgacctggtggagaagttgaaggceccgce
gcaggccgcccagcggcaacgcatcgaggcagaagcacgccccecggtgaatecgtggcaagecggecgetgat
cgaatccgcaaagaatcccggcaaccgccggcageccggtgegecgtecgattaggaagecgeccaagggceg
acgagcaaccagattttttcgttccgatgctctatgacgtgggcacccgecgatagtcgcagcatcatgga
cgtggccgttttcecgtctgtcgaagecgtgaccgacgagcectggcgaggtgatccgectacgagettceccagac
gggcacgtagaggtttccgcagggccggceccggcatggccagtgtgtgggattacgacctggtactgatgg
cggtttcccatctaaccgaatccatgaaccgataccgggaagggaagggagacaagcccggecgegtgtt
ccgtccacacgttgcggacgtactcaagttctgeccggecgagecgatggcggaaagcagaaagacgacctyg
gtagaaacctgcattcggttaaacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggce
gcctggtgacggtatccgagggtgaagcecttgattageccgctacaagatecgtaaagagcgaaaccgggeyg
gccggagtacatcgagatcgagctagectgattggatgtaccgcgagatcacagaaggcaagaacccggac
gtgctgacggttcaccccgattactttttgatcgatccecggecatcggecgttttectectaccgectggeac
gccgcgccgcaggcaaggcagaagccagatggttgttcaagacgatctacgaacgcagtggcagcgecgyg
agagttcaagaagttctgtttcaccgtgcgcaagctgatcgggtcaaatgacctgeccggagtacgatttyg
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gggaacccaaagccgtacattgggaaccggtcacacatgtaagtgactgatataaaagagaaaaaaggcyg
atttttccgcctaaaactctttaaaacttattaaaactcttaaaacccgcecctggectgtgcataactgte
tggccagcgcacagccgaagagctgcaaaaagcgcctacccttecggtecgetgegeteccctacgecccgcece
gcttcgcgtcecggectatcgecggecgectggecgctcaaaaatggectggectacggeccaggcaatctaccag
ggcgcggacaagccgcgccgtcecgeccactcgaccgcecggcegcccacatcaaggcaccctgectegegegtt
tcggtgatgacggtgaaaacctctgacacatgcagctcccggagacggtcacagettgtectgtaagegga
tgccgggagcagacaagcccgtcagggcgegtcagegggtgttggecgggtgtecggggegcagecatgacce
cagtcacgtagcgatagcggagtgtatactggcttaactatgcggcatcagagcagattgtactgagagt
gcaccatatgcggtgtgaaataccgcacagatgcgtaaggagaaaataccgcatcaggcgctcttecget
tcctecgcectcactgactcgectgegcetecggtegttecggectgecggegageggtatcagectcactcaaaggcgyg
taatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggc
caggaaccgtaaaaaggccgcgttgctggegtttttccataggctceccgececcececctgacgagcatcacaaa
aatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttcceccecctggaa
gctccectegtgegetcectectgtteccgaccctgecgettaccggatacctgtecgectttcecteecctteggyg
aagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtecgttecgectceccaagetyg
ggctgtgtgcacgaaccccceccecgttcagceccgaccgcectgegecttateccggtaactatecgtcttgagtcceca
acccggtaagacacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgt
aggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggacagtatttggtatce
tgcgctctgctgaagccagttaccttcggaaaaagagttggtagctecttgatccggcaaacaaaccaccyg
ctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcce
tttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgcat
tctaggtactaaaacaattcatccagtaaaatataatattttattttctcccaatcaggcttgatccccea
gtaagtcaaaaaatagctcgacatactgttcttccceccgatatcectecectgatcgaccggacgcagaaggce
aatgtcataccacttgtccgccctgeccgcecttcteccaagatcaataaageccacttactttgcecatettte
acaaagatgttgctgtctcccaggtcgeccgtgggaaaagacaagttectecttegggetttteecgtettta
aaaaatcatacagctcgcgcggatctttaaatggagtgtcttcttcecccagttttecgcaatccacatcggce
cagatcgttattcagtaagtaatccaattcggctaagcggctgtctaagctattcgtatagggacaatcce
gatatgtcgatggagtgaaagagcctgatgcactccgcatacagctcgataatcttttcagggetttgtt
catcttcatactcttccgagcaaaggacgccatcggcecctcactcatgagcagattgctccageccatcatyg
ccgttcaaagtgcaggacctttggaacaggcagctttceccttceccageccatagcatcatgtecttttececcgt
tccacatcataggtggtcecctttataccggctgteccgtcatttttaaatataggttttcattttctceccea
ccagcttatataccttagcaggagacattccttccgtatcttttacgcageggtatttttcgatcagttt
tttcaattccggtgatattctcattttagccatttattatttecttectecttttctacagtatttaaaga
taccccaagaagctaattataacaagacgaactccaattcactgttcecttgcattctaaaaccttaaata
ccagaaaacagctttttcaaagttgttttcaaagttggcgtataacatagtatcgacggagccgattttyg
aaaccgcggtgatcacaggcagcaacgctctgtcatcgttacaatcaacatgctaccctceccgecgagatceca
tccgtgtttcaaacccggcagcttagttgececgttcectteccgaatagcatcggtaacatgagcaaagtcectyge
cgccttacaacggctctceccececgcectgacgececgtccececggactgatgggectgectgtatcgagtggtgattttyg
tgccgagctgccggtcggggagectgttggctggectggtggcaggatatattgtggtgtaaacaaattgac
gcttagacaacttaataacacattgcggacgtttttaatgtactgaattaacgccgaattaattcctagyg
ccaccatgttgggcccggcgcgcce

Fig. 22-Cont’d
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YL192 complete sequence and map (SEQ ID NO: 9)

ataaaacatttcaatcctttgaacgcggtagaacgtgctaattggattttggtgagaacgcggtagaacyg
tacttatcacctacagttttattttgtttttctttttggtttaatctatccagecttagtaccgagtgggyg
gaaagtgactggtgtgcctaaaaccttttctttgatactttgtaaaaatacatacagatacaatggcgaa
cggtaacttcaagttgtctcaattgctcaatgtggacgagatgtctgctgagcagaggagtcatttcttt
gacttgatgctgactaaacctgattgtgagatcgggcaaatgatgcaaagagttgttgttgataaagtcg
atgacatgattagagaaagaaagactaaagatccagtgattgttcatgaagttctttctcagaaggaaca
gaacaagttgatggaaatttatcctgaattcaatatcgtgtttaaagacgacaaaaacatggttcatggg
tttgcggctgctgagcgaaaactacaagctttattgcttttagatagagttecctgctectgcaagaggtgyg
atgacatcggtggtcaatggtcgttttgggtaactagaggtgagaaaaggattcattcctgttgtccaaa
tctagatattcgggatgatcagagagaaatttctcgacagatatttcttactgctattggtgatcaagcet
agaagtggtaagagacagatgtcggagaatgagctgtggatgtatgaccaatttcgtgaaaatattgctyg
cgcctaacgcggttaggtgcaataatacatatcagggttgtacatgtaggggtttttctgatggtaagaa
gaaaggcgcgcagtatgcgatagctcttcacagecctgtatgacttcaagttgaaagacttgatggctact
atggttgagaagaaaactaaagtggttcatgctgctatgctttttgctcctgaaagtatgttagtggacyg
aaggtccattaccttctgttgacggttactacatgaagaagaacgggaagatctatttcggttttgagaa
agatccttccttttcttacattcatgactgggaagagtacaagaagtatctactggggaagccagtgagt
taccaagggaatgtgttctacttcgaaccgtggcaggtgagaggagacacaatgcttttttcgatctaca
ggatagctggagttccgaggaggtctctatcatcgcaagagtactaccgaagaatatatatcagtagatyg
ggaaaacatggttgttgtcccaattttcgatctggtcgaatcaacgcgagagttggtcaagaaagacctyg
tttgtagagaaacaattcatggacaagtgtttggattacatagctaggttatctgaccagcagctgacca
taagcaatgttaaatcatacttgagttcaaataattgggtcttattcataaacggggcggccgtgaagaa
caagcaaagtgtagattctcgagatttacagttgttggctcaaactttgctagtgaaggaacaagtggcg
agacctgtcatgagggagttgcgtgaagcaattctgactgagacgaaacctatcacgtcattgactgatyg
tgctgggtttaatatcaagaaaactgtggaagcagtttgctaacaagatcgcagtcggecggattcgttgyg
catggttggtactctaattggattctatccaaagaaggtactaacctgggcgaaggacacaccaaatggt
ccagaactatgttacgagaactcgcacaaaaccaaggtgatagtatttctgagtgttgtgtatgccattyg
gaggaatcacgcttatgcgtcgagacatccgagatggactggtgaaaaaactatgtgatatgtttgatat
caaacggggggcccatgtcttagacgttgagaatccgtgeccgctattatgaaatcaacgatttctttage
agtctgtattcggcatctgagtccggtgagaccgttttaccagatttatccgaggtaaaagccaagtctyg
ataagctattgcagcagaagaaagaaatcgctgacgagtttctaagtgcaaaattctctaactattctgg
cagttcggtgagaacttctccaccatcggtggtcggttcatctcgaagecggactgggtctgttgttggaa
gacagtaacgtgctgacccaagctagagttggagtttcaagaaaggtagacgatgaggagatcatggagce
agtttctgagtggtcttattgacactgaagcagaaattgacgaggttgttccagccttttcagctgaatyg
tgaaagaggggaaacaagcggtacaaaggtgttgtgtaaacctttaacgccaccaggatttgagaacgtyg
ttgccagctgtcaaacctttggtcagcaaaggaaaaacggtcaaacgtgtcgattacttccaagtgatgg
gaggtgagagattaccaaaaaggccggttgtcagtggagacgattctgtggacgctagaagagagtttct
gtactacttagatgcggagagagtcgctcaaaatgatgaaattatgtctctgtatcgtgactattcgaga
ggagttattcgaactggaggtcagaattacccgcacggactgggagtgtgggatgtggagatgaagaact
ggtgcatacgtccagtggtcactgaacatgcttatgtgttccaaccagacaaacgtatggatgattggtce
gggatacttagaagtggctgtttgggaacgaggtatgttggtcaacgacttcgcggtcgaaaggatgagt
gattatgtcatagtttgcgatcagacgtatctttgcaataacaggttgatcttggacaatttaagtgccce
tggatctaggaccagttaactgttcttttgaattagttgacggtgtacctggttgtggtaagtcgacaat
gattgtcaactcagctaatccttgtgtcgatgtggttctctctactgggagagcagcaaccgacgacttyg
atcgagagattcgcgagcaaaggttttccatgcaaattgaaaaggagagtgaagacggttgattcttttt
tgatgcattgtgttgatggttctttaaccggagacgtgttgcatttcgatgaagctctcatggcccatgce
tggtatggtgtacttttgcgctcagatagctggtgctaaacgatgtatctgtcaaggagatcagaatcaa
atttctttcaagcctagggtatctcaagttgatttgaggttttctagtctggtcggaaagtttgacattyg
ttacagaaaaaagagaaacttacagaagtccagcagatgtggctgccgtattgaacaagtactatactgg
agatgtcagaacacataacgcgactgctaattcgatgacggtgaggaagattgtgtctaaagaacaggtt
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tctttgaagcctggtgctcagtacataacttteccttcagtctgagaagaaggagttggtaaatttgttgg
cattgaggaaagtggcagctaaagtgagtacagtacacgagtcgcaaggagagacattcaaagatgtagt
cctagtcaggacgaaacctacggatgactcaatcgctagaggtcgggagtacttaatcgtggecgttgteg
cgtcacacacaatcacttgtgtatgaaactgtgaaagaggacgatgtaagcaaagagatcagggaaagtg
ccgcgcttacgaaggcggctttggcaagattttttgttactgagaccgtecttatgacggtttecggtctag
gtttgatgtctttagacatcatgaagggccttgcgccgttccagattcaggtacgattacggacttggag
atgtggtacgacgctttgtttccgggaaattcgttaagagactcaagecctagacgggtatttggtggcaa
cgactgattgcaatttgcgattagacaatgttacgatcaaaagtggaaactggaaagacaagtttgctga
aaaagaaacgtttctgaaaccggttattcgtactgctatgcctgacaaaaggaagactactcagttggag
agtttgttagcattgcagaaaaggaaccaagcggcacccgatctacaagaaaatgtgcacgcaacagtte
taatcgaagagacgatgaagaagttgaaatctgttgtctacgatgtgggaaaaattcgggctgatcctat
tgtcaatagagctcaaatggagagatggtggagaaatcaaagcacagcggtacaggctaaggtagtagca
gatgtgagagagttacatgaaatagactattcgtcttacatgtatatgatcaaatctgacgtgaaaccta
agactgatttaacaccgcaatttgaatactcagctctacagactgttgtgtatcacgagaagttgatcaa
ctcgttgttcggtccaattttcaaagaaattaatgaacgcaagttggatgctatgcaaccacattttgtyg
ttcaacacgagaatgacatcgagtgatttaaacgatcgagtgaagttcttaaatacggaagcggcttacyg
actttgttgagatagacatgtctaaattcgacaagtcggcaaatcgcttccatttacaactgcagctgga
gatttacaggttatttgggctagatgagtgggcggccttcecctttgggaggtgtcgcacactcaaactact
gtgagagatattcaaaatggtatgatggcgcatatttggtaccaacaaaagagtggagatgctgatactt
ataatgcaaattcagatagaacactgtgtgcactcttgtctgaattaccattggagaaagcagtcatggt
tacatatggaggagatgactcactgattgcgtttcctagaggaacgcagtttgttgatccgtgtccaaag
ttggctactaagtggaatttcgagtgcaagatttttaagtacgatgtcccaatgttttgtgggaagttct
tgcttaagacgtcatcgtgttacgagttcgtgccagatccggtaaaagttctgacgaagttggggaaaaa
gagtataaaggatgtgcaacatttagccgagatctacatctcgctgaatgattccaatagagectcttggyg
aactacatggtggtatccaaactgtccgagtctgtttcagaccggtatttgtacaaaggtgattctgtte
atgcgctttgtgcgctatggaagcatattaagagttttacagctctgtgtacattattccgagacgaaaa
cgataaggaattgaacccggctaaggttgattggaagaaggcacagagagctgtgtcaaacttttacgac
tggtaatatggaagacaagtcattggtcaccttgaagaagaagactttcgaagtctcaaaattctcaaat
ctaggggccattgaattgtttgtggacggtaggaggaagagaccgaagtattttcacagaagaagagaaa
ctgtcctaaatcatgttggtgggaagaagagtgaacacaagttagacgtttttgaccaaagggattacaa
aatgattaaatcttacgcgtttctaaagatagtaggtgtacaactagttgtaacatcacatctacctgca
gatacgcctgggttcattcaaatcgatctgttggattcgagacttactgagaaaagaaagagaggaaaga
ctattcagagattcaaagctcgagcttgcgataactgttcagttgcgcagtacaaggttgaatacagtat
ttccacacaggagaacgtacttgatgtctggaaggtgggttgtatttctgagggcgttccggtctgtgac
ggtacataccctttcagtatcgaagtgtcgctaatatgggttgctactgattcgactaggcgcectcaatyg
tggaagaactgaacagttcggattacattgaaggcgattttaccgatcaagaggttttcggtgagttcat
gtctttgaaacaagtggagatgaagacgattgaggcgaagtacgatggtccttacagaccagctactact
agacctaagtcattattgtcaagtgaagatgttaagagagcgtctaataagaaaaactcgtcttaatgca
taaagaaatttattgtcaatatgacgtgtgtactcaagggttgtgtgaatgaagtcactgttcttggtca
cgagacgtgtagtatcggtcatgctaacaaattgcgaaagcaagttgctgacatggttggtgtcacacgt
aggtgtgcggaaaataattgtggatggtttgtctgtgttgttatcaatgattttacttttgatgtgtata
attgttgtggccgtagtcaccttgaaaagtgtcgtaaacgtgttgaaacaagaaatcgagaaatttggaa
acaaattcgacgaaatcaagctgaaaacatgtctgcgacagctaaaaagtctcataattcgaagacctct
aagaagaaattcaaagaggacagagaatttgggacaccaaaaagatttttaagagatgatgttcctttcg
ggattgatcgtttgtttgctttttgattttattttatattgttatctgtttctgtgtatagactgtttga
gattggcgcttggccgactcattgtcttaccataggggaacggactttgtttgtgttgttattttatttyg
tattttattaaaattctcaatgatctgaaaaggcctcgaggctaagagattattggggggtgagtaagta
cttttaaagtgatgatggttacaaaggcaaaaggggtaaaacccctcgecctacgtaagegttattacgcece

) Fig. 24-Cont’d
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