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NOVEL PLANT CELLS, PLANTS, AND SEEDS

INCORPORATION OF SEQUENCE LISTING

[0001] The sequence listing contained in the file named 10007WO1_ST25 txt, which is 280 kb
measured in operating system Windows 7 x64, created on January 29, 2018, and electronically filed
via EFS-Web on January 29, 2018, is incorporated herein by reference in its entirety. Additional
sequence listings incorporated herein by reference include: “10003P1_ST25.txt”, which is 181
kilobytes measured in operating system Windows 7 x64, created on January 27, 2017, and
clectronically filed via EFS-Web on January 28, 2017, in connection with US provisional application
62/451,708; “10003P3_ST25.txt”, which is 185 kilobytes measured in operating system Windows 7
x64, created on March 24, 2017, and ¢lectronically filed via EFS-Web on March 27, 2017, in
connection with US provisional application 62/477.244; “10003P4_ST25.txt”, which is 189 kilobytes
measured in operating system Windows 7 x64, created on May 24, 2017, and electronically filed via
EFS-Web on May 24, 2017, in connection with US provisional application 62/510,645;
“10003P5_ST25 txt”, which is 192 kilobytes measured in operating system Windows 7 x64, created
on June 22, 2017, and electronically filed via EFS-Web on June 22, 2017, in connection with US
provisional application 62/523,675; “10003P6_ST25 txt”, which is 193 kilobytes measured in
operating system Windows 7 x64, created on July 6, 2017, and electronically filed via EFS-Web on
July 10, 2017, in connection with US provisional application 62/530,495; and “10007P1_ST25 txt”,
which is 209 kb measured in operating system Windows 7 x64, created on July 10, 2017, and
clectronically filed on July 10, 2017, in connection with US provisional application 62/530,839, filed
July 10, 2017.

FIELD OF THE INVENTION

[0002] Aspects of this invention relate to plant breeding methods and compositions. Disclosed
herein are novel plant cells, plants and seeds derived from such plant cells and having enhanced traits,

and methods of making and using such plant cells and derived plants and seeds.

BACKGROUND

[0003] Plant breeding and engineering has relied primarily on Mendelian genetics or
recombinant techniques. More recent examples of methods for editing the genomes of plants include,
¢.g., Wang et al., Nature Biotechnology, 32(9), (2014), which describes TALEN-mediated editing
(indels) of wheat MLO genes. The method requires transforming wheat protoplasts with a TALEN
plasmid and a plasmid carrying a selectable marker (bar), followed by the selection of herbicide
resistant calli and the regeneration of transgenic seedlings. Wang also describes the non-homologous

end joining (NHEJ)-mediated knock-in of a GFP coding sequence at a TaMLO site in wheat
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protoplasts. The method requires transformation of protoplasts with T-MLO plus GFP donor
plasmids (promoter-less GFP coding sequence and CaMV 35S terminator, flanked by T-MLO
recognition sites).

[0004] Zhang et al., Nat. Commun., 7:12617 (2016), describes a method of introducing a targeted
indel into a locus within the wheat genome. The method requires the use of plasmids encoding or
expressing CRISPR/Cas9 RNA and guide RNA sequences and the insertion of those sequences into
wheat callus cells.

[0005] Liang, Z. et al., Nat. Commun., 8:14261 (2017) describes a method for introducing
targeted indels into homologs of a wheat gene (7aGW?2). The method requires the delivery of
Cas9/sgRNA RNPs into embryonic wheat calli using particle bombardment or PEG-mediated
transformation.

[0006] PCT application W0O2016007948, published January 14, 2016, and titled “Agronomic
trait modification using guide RNA/cas endonuclease systems and methods of use,” describes
methods for introducing targeted modifications to the maize genome. The methods require
homologous recombination and/or the transformation of maize embryos with plasmids, and/or the use

of selectable markers.

SUMMARY

[0007] Disclosed herein are methods for providing novel plant cells or plant protoplasts, plant
callus, tissues or parts, whole plants, and seeds having one or more altered genctic sequences. Among
other features, the methods and compositions described herein enable the stacking of preferred alleles
without introducing unwanted genetic or epigenetic variation in the modified plants or plant cells. The
efficiency and reliability of these targeted modification methods are significantly improved relative to
traditional plant breeding, and can be used not only to augment traditional breeding techniques but
also as a substitute for them.

[0008] Disclosed herein are methods for providing novel plant cells or plant protoplasts, plant
callus, tissues or parts, whole plants, and seeds having one or more altered genetic sequences.

[0009] In one aspect, the invention provides a method of changing expression of a sequence of
interest in a genome, including integrating a sequence encoded by a polynucleotide, such as double-
stranded or single-stranded polynucleotides including DNA, RNA, or a combination of DNA and
RNA, at the site of at least one double-strand break (DSB) in a genome, which can be the genome of a
cukaryotic nucleus (e. ., the nuclear genome of a plant cell) or a genome of an organclle (e. 2., a
mitochondrion or a plastid in a plant cell). Effector molecules (or targeting agents) for site-specific
introduction of a DSB into a genome include various endonucleases (e. g., RNA-guided nucleases
such as a type II Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a CasX, a C2¢l, ora
C2¢3) and guide RNAs that direct cleavage by an RNA-guided nuclease. Embodiments include those

where the DSB is introduced into a genome by a ribonucleoprotein complex containing both a site-
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specific nuclease (e. g., Cas9, Cpfl, CasX, CasY, C2cl, C2¢3) and at least one guide RNA, or by a
site-specific nuclease in combination with at least one guide RNA; in some of these embodiments no
plasmid or other expression vector is utilized to provide the nuclease, the guide RNA, or the
polynucleotide. These effector molecules are delivered to the cell or organelle wherein the DSB is to
be introduced by the use of one or more suitable composition or treatment, such as at least one
chemical, enzymatic, or physical agent, or application of heat or cold, ultrasonication, centrifugation,
electroporation, particle bombardment, and bacterially mediated transformation. It is generally
desirable that the DSB is induced at high efficiency. One measure of efficiency is the percentage or
fraction of the population of cells that have been treated with a DSB-inducing agent and in which the
DSB is successfully introduced at the correct site in the genome. The efficiency of genome editing is
assessed by any suitable method such as a heteroduplex cleavage assay or by sequencing, as described
clsewhere in this disclosure. In various embodiments, the DSB is introduced at a comparatively high
efficiency, e. g., at about 20, about 30, about 40, about 50, about 60, about 70, or about 80 percent
efficiency, or at greater than 80, 85, 90, or 95 percent efficiency. In embodiments, the DSB is
introduced upstream of, downstream of, or within the sequence of interest, which is coding, non-
coding, or a combination of coding and non-coding sequence. In embodiments, a sequence encoded
by the polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid), when integrated into the site of the DSB
in the genome, is then functionally or operably linked to the sequence of interest, e. g., linked in a
manner that modifies the transcription or the translation of the sequence of interest or that modifies
the stability of a transcript including that of the sequence of interest. Embodiments include those
where two or more DSBs are introduced into a genome, and wherein a sequence encoded by a
polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) that is integrated into each DSB is the
same or different for each of the DSBs. In embodiments, at least two DSBs are introduced into a
genome by one or more nucleases in such a way that genomic sequence (coding, non-coding, or a
combination of coding and non-coding sequence) is deleted between the DSBs (Ieaving a deletion
with blunt ends, overhangs or a combination of a blunt end and an overhang), and a sequence encoded
by a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) molecule is integrated between the DSBs
(i. e., at the location of the deleted genomic sequence). The method is particularly useful for
integrating into the site of a DSB a heterologous nucleotide sequence that provides a useful function
oruse. For example, the method is useful for integrating or introducing into the genome a
heterologous sequence that stops or knocks out expression of a sequence of interest (such as a gene
encoding a protein), or a heterologous sequence that is a unique identifier nucleotide sequence, or a
heterologous sequence that is (or that encodes) a sequence recognizable by a specific binding agent or

that binds to a specific molecule, or a heterologous sequence that stabilizes or destabilizes a transcript
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containing it. Embodiments include use of the method to integrate or introduce into a genome
sequence of a promoter or promoter-like element (e. g., sequence of an auxin-binding or hormone-
binding or transcription-factor-binding element, or sequence of or encoding an aptamer or
riboswitch), or a sequence-specific binding or cleavage site sequence (e. g., sequence of or encoding
an endonuclease cleavage site, a small RNA recognition site, a recombinase site, a splice site, or a
transposon recognition site). In embodiments, the method is used to delete or otherwise modify to
make non-functional an endogenous functional sequence, such as a hormone- or transcription-factor-
binding element, or a small RNA or recombinase or transposon recognition site. In embodiments,
additional molecules are used to effect a desired expression result or a desired genomic change. For
example, the method is used to integrate heterologous recombinase recognition site sequences at two
DSBs in a genome, and the appropriate recombinase molecule is employed to excise genomic
sequence located between the recombinase recognition sites. In another example, the method is used
to integrate a polynucleotide-encoded heterologous small RNA recognition site sequence at a DSB in
a sequence of interest in a genome, wherein when the small RNA is present (e. g., expressed
endogenously or transiently or transgenically), the small RNA binds to and cleaves the transcript of
the sequence of interest that contains the integrated small RNA recognition site. In another example,
the method is used to integrate in the genome of a plant or plant cell a polynucleotide-encoded
promoter or promoter-like element that is responsive to a specific molecule (e. g., an auxin, a
hormone, a drug, an herbicide, or a polypeptide), wherein a specific level of expression of the
sequence of interest is obtained by providing the corresponding specific molecule to the plant or plant
cell; in a non-limiting example, an auxin-binding element is integrated into the promoter region of a
protein-coding sequence in the genome of a plant or plant cell, whereby the expression of the protein
is upregulated when the corresponding auxin is exogenously provided to the plant or plant cell (e. g.,
by adding the auxin to the medium of the plant cell or by spraying the auxin onto the plant). Another
aspect of the invention is a cell including in its genome a heterologous DNA sequence, wherein the
heterologous sequence includes (a) nucleotide sequence of a polynucleotide integrated by the method
at the site of a DSB in the genome, and (b) genomic nucleotide sequence adjacent to the site of the
DSB; related aspects include a plant containing such a cell including in its genome a heterologous
DNA sequence, progeny seed or plants (including hybrid progeny seed or plants) of the plant, and
processed or commodity products derived from the plant or from progeny seed or plants. In another
aspect, the invention provides a heterologous nucleotide sequence including (a) nucleotide sequence
of a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) molecule integrated by the method at the
site of a DSB in a genome, and (b) genomic nucleotide sequence adjacent to the site of the DSB;
related aspects include larger polynucleotides such as a plasmid, vector, or chromosome including the
heterologous nucleotide sequence, as well as a polymerase primer for amplification of the

heterologous nucleotide sequence.
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[0010] In another aspect, the invention provides a composition including a plant cell and a
polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule that is capable of being
integrated at (or having its sequence integrated at) a double-strand break in genomic sequence in the
plant cell. In various embodiments, the plant cell is an isolated plant cell or plant protoplast, orisin a
monocot plant or dicot plant, a zygotic or somatic embryo, seed, plant part, or plant tissue. In
embodiments the plant cell is capable of division or differentiation. In embodiments the plant cell is
haploid, diploid, or polyploid. In embodiments, the plant cell includes a double-strand break (DSB) in
its genome, at which DSB site the polynucleotide donor molecule is integrated using methods
disclosed herein. In embodiments, at least one DSB is induced in the plant cell’s genome by
including in the composition a DSB-inducing agent, for example, various endonucleases (e. g., RNA-
guided nucleases such as a type II Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a
CasX, a C2cl1, or a C2¢3) and guide RNAs that direct cleavage by an RNA-guided nuclease; the
dsDNA molecule is integrated into the DSB thus induced using methods disclose herein. Specific
embodiments include compositions including a plant cell, at least one dsDNA molecule, and at least
one ribonucleoprotein complex containing both a site-specific nuclease (e. g., Cas9, Cpfl, CasX,
CasY, C2c¢1, C2¢3) and at least one guide RNA; in some of these embodiments, the composition
contains no plasmid or other expression vector for providing the nuclease, the guide RNA, or the
dsDNA. In embodiments of the composition, the polynucleotide donor molecule is double-stranded
DNA or RNA or a combination of DNA and RNA, and is blunt-ended, or contains on¢ or more
terminal overhangs, or contains chemical modifications such as phosphorothioate bonds or a
detectable label. In other embodiments, the polynucleotide donor molecule is a single-stranded
polynucleotide composed of DNA or RNA or a combination of DNA or RNA, and can further be
chemically modified or labelled. In various embodiments of the composition, the polynucleotide
donor molecule includes a nucleotide sequence that provides a useful function when integrated into
the site of the DSB. For example, in various non-limiting embodiments the polynucleotide donor
molecule includes: sequence that is recognizable by a specific binding agent or that binds to a
specific molecule or encodes an RNA molecule or an amino acid sequence that binds to a specific
molecule, or sequence that is responsive to a specific change in the physical environment or encodes
an RNA molecule or an amino acid sequence that is responsive to a specific change in the physical
environment, or heterologous sequence, or sequence that serves to stop transcription or translation at
the site of the DSB, or sequence having secondary structure (e. g., double-stranded stems or stem-
loops) or than encodes a transcript having secondary structure (e. g., double-stranded RNA that is
cleavable by a Dicer-type ribonuclease).

[0011] In another aspect, the invention provides a reaction mixture including: (a) a plant cell
having at least one double-strand break (DSB) at a locus in its genome; and (b) a polynucleotide (such

as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-
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stranded DNA/RNA hybrid) donor molecule capable of being integrated at (or having its sequence
integrated at) the DSB (preferably by non-homologous end-joining (NHEJ)), wherein the
polynucleotide donor molecule has a length of between about 18 to about 300 base-pairs (or
nucleotides, if single-stranded), or between about 30 to about 100 base-pairs (or nucleotides, if single-
stranded); wherein the polynucleotide donor molecule includes a sequence which, if integrated at the
DSB, forms a heterologous insertion (wherein the sequence of the polynucleotide molecule is
heterologous with respect to the genomic sequence flanking the insertion site or DSB). In
embodiments of the reaction mixture, the plant cell is an isolated plant cell or plant protoplast. In
various embodiments, the plant cell is an isolated plant cell or plant protoplast, or is in a monocot
plant or dicot plant, a zygotic or somatic embryo, seed, plant part, or plant tissue. In embodiments the
plant cell is capable of division or differentiation. In embodiments the plant cell is haploid, diploid, or
polyploid. In embodiments of the reaction mixture, the polynucleotide donor molecule includes a
nucleotide sequence that provides a useful function or use when integrated into the site of the DSB.
For example, in various non-limiting embodiments the polynucleotide donor molecule includes:
sequence that is recognizable by a specific binding agent or that binds to a specific molecule or
encodes an RNA molecule or an amino acid sequence that binds to a specific molecule, or sequence
that is responsive to a specific change in the physical environment or encodes an RNA molecule or an
amino acid sequence that is responsive to a specific change in the physical environment, or
heterologous sequence, or sequence that serves to stop transcription or translation at the site of the
DSB, or sequence having secondary structure (e. g., double-stranded stems or stem-loops) or than
encodes a transcript having secondary structure (e. g., double-stranded RNA that is cleavable by a
Dicer-type ribonuclease). Note that in embodiments where the donor sequence is inserted by NHEJ,
the donor polynucleotide contains no nucleotide sequence that is homologous to or complementary to
a nucleotide sequence immediately flanking the DSB that is effected in the genome; in other words,
the nucleotide sequence at either terminus of the donor polynucleotide does not have sufficient
complementarity to genomic sequence flanking the DSB to allow the donor polynucleotide to anneal
to one or both sides of the DSB in a manner similar to what occurs during homology-directed repair
(HDR). In embodiments described herein, the donor polynucleotide contains no nucleotide sequence
that is identical to an Agrobacterium T-DNA border sequence. Embodiments of the methods enable
the precise insertion of at least one pre-determined, heterologous, non-homologous donor
polynucleotide sequence (e. g., non-coding sequence, such as a regulatory or expression-modifying
clement) at two or more loci in a genome. In embodiments, at least one of these insertions or targeted
modifications modifies expression of an endogenous gene or sequence of interest. In embodiments,
the two or more loci in a genome are in different genes or sequences of interest. In embodiments, the
two or more loci are alleles of a given sequence of interest; when all alleles of a given gene or
sequence of interest are modified in the same way, the result is homozygous modification of the gene.

For example, embodiments of the method enable targeted modification of both alleles of a gene in a
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diploid (2n ploidy, where n = 1) plant, or targeted modification of all three alleles in a triploid (2n
ploidy, where n = 1.5) plant, or targeted modification of all six alleles of a gene in a hexaploid (2n
ploidy, where n =3) plant.

[0012] In another aspect, the invention provides a polynucleotide for disrupting gene expression,
wherein the polynucleotide is double-stranded and includes at least 18 contiguous base-pairs and
encoding at least one stop codon in each possible reading frame on each strand, or is single-stranded
and includes at least 11 contiguous nucleotides; and wherein the polynucleotide encodes at least one
stop codon in each possible reading frame on each strand. In embodiments, the polynucleotide is a
double-stranded DNA (dsDNA) or a double-stranded DNA/RNA hybrid molecule including at least
18 contiguous base-pairs and encoding at least one stop codon in each possible reading frame on
either strand. In embodiments, the polynucleotide is a single-stranded DNA or a single-stranded
DNA/RNA hybrid molecule including at least 11 contiguous nucleotides and encoding at least one
stop codon in each possible reading frame on the strand. Such a polynucleotide is especially useful in
methods disclosed herein, wherein, when a sequence encoded by the polynucleotide is integrated or
inserted into a genome at the site of a DSB in a sequence of interest (such as a protein-coding gene),
the sequence of the heterologously inserted polynucleotide serves to stop translation of the transcript
containing the sequence of interest and the heterologously inserted polynucleotide sequence.
Embodiments of the polynucleotide include those wherein the polynucleotide includes one or more
chemical modifications or labels, e. g., at least one phosphorothioate modification.

[0013] In another aspect, the invention provides a method of identifying the locus of at least one
double-stranded break (DSB) in genomic DNA in a cell (such as a plant cell) including the genomic
DNA, wherein the method includes the steps of: (a) contacting the genomic DNA having a DSB with
a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule, wherein the
polynucleotide donor molecule is capable of being integrated (or having its sequence integrated) at the
DSB (preferably by non-homologous end-joining (NHEJ)) and has a length of between about 18 to
about 300 base-pairs (or nucleotides, if single-stranded), or between about 30 to about 100 base-pairs
(or nucleotides, if single-stranded); wherein a sequence encoded by the polynucleotide donor
molecule, if integrated at the DSB, forms a heterologous insertion; and (b) using at least part of the
sequence of the polynucleotide molecule as a target for PCR primers to allow amplification of DNA
in the locus of the DSB. In a related aspect, the invention provides a method of identifying the locus
of double-stranded breaks (DSBs) in genomic DNA in a pool of cells (such as plant cells or plant
protoplasts), wherein the pool of cells includes cells having genomic DNA with a sequence encoded
by a polynucleotide donor molecule inserted at the locus of the double-stranded breaks; wherein the
polynucleotide donor molecule is capable of being integrated (or having its sequence integrated) at the
DSB and has a length of between about 18 to about 300 base-pairs (or nucleotides, if single-stranded),

or between about 30 to about 100 base-pairs (or nucleotides, if single-stranded); wherein a sequence
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encoded by the polynucleotide donor molecule, if integrated at the DSB, forms a heterologous
insertion; and wherein the sequence of the polynucleotide donor molecule is used as a target for PCR
primers to allow amplification of DNA in the region of the double-stranded breaks. In embodiments,
the pool of cells is a population of plant cells or plant protoplasts, wherein at least some of the cells
contain multiple or different DSBs in the genome, each of which can be introduced into the genome
by a different guide RNA.

[0014] In another aspect, the invention provides a method of identifying the nucleotide sequence
of a locus in the genome that is associated with a phenotype, the method including the steps of: (a)
providing to a population of cells having the genome: (i) multiple different guide RNAs (gRNAs) to
induce multiple different double strand breaks (DSBs) in the genome, wherein each DSB is produced
by an RNA-guided nuclease guided to a locus on the genome by one of the gRNAs, and (i1)
polynucleotide (such as double-stranded DNA, single-stranded DNA, single-stranded DNA/RNA
hybrid, and double-stranded DNA/RNA hybrid) donor molecules having a defined nucleotide
sequence, wherein the polynucleotide donor molecules are capable of being integrated (or having their
sequence integrated) into the DSBs by non-homologous end-joining (NHEJ); whereby when at least a
sequence encoded by some of the polynucleotide donor molecules are inserted into at least some of
the DSBs, a genetically heterogencous population of cells is produced; (b) selecting from the
genetically heterogeneous population of cells a subset of cells that exhibit a phenotype of interest; (c)
using a pool of PCR primers that bind to at least part of the nucleotide sequence of the polynucleotide
donor molecules to amplify from the subset of cells DNA from the locus of a DSB into which one of
the polynucleotide donor molecules has been inserted; and (d) sequencing the amplified DNA to
identify the locus associated with the phenotype of interest. In embodiments of the method, the
gRNA is provided as a polynucleotide, or as a ribonucleoprotein including the gRNA and the RNA-
guided nuclease. Related aspects include the cells produced by the method and pluralities, arrays, and
genetically heterogeneous populations of such cells, as well as the subset of cells in which the locus
associated with the phenotype has been identified, and callus, seedlings, plantlets, and plants and their
seeds, grown or regenerated from such cells.

[0015] In another aspect, the invention provides a method of modifying a plant cell by creating a
plurality of targeted modifications in the genome of the plant cell, wherein the method comprises
contacting the genome with one or more targeting agents (or effector molecules), wherein the one or
more agents comprise or encode predetermined peptide or nucleic acid sequences (for example, a
sequence-specific nuclease or a polynucleotide encoding a sequence-specific nuclease, or a guide
RNA), wherein the predetermined peptide or nucleic acid sequences bind preferentially at or near
predetermined target sites within the plant genome, and wherein the binding directs or facilitates the
generation of the plurality of targeted modifications within the genome; wherein the plurality of
targeted modifications occurs without an intervening step of separately identifying an individual

modification and without a step of separately selecting for the occurrence of an individual
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modification among the plurality of targeted modifications mediated by the targeting agents; and
wherein the targeted modifications alter at least one trait of the plant cell, or at least one trait of a plant
comprising the plant cell, or at least one trait of a plant grown from the plant cell, or result in a
detectable phenotype in the modified plant cell; and wherein at least two of the targeted modifications
are insertions of predetermined sequences encoded by one or more polynucleotide donor molecules,
and wherein at least one of the polynucleotide donor molecules lacks homology to the genome
sequences adjacent to the site of insertion. “Lacks homology™ in the context of the targeted
modification methods describes herein means that the donor sequence lacks homology or
complementarity sufficient to allow the donor polynucleotide to bind to the genomic sequences
immediately flanking the site of genomic insertion. The methods result in precise insertions, at at
least two predetermined target sites in the genome, of at least one defined, heterologous, non-
homologous sequence encoded by a polynucleotide donor. The inserted donor sequence can be
coding (¢.g., protein or RNA coding) sequence or non-coding sequence (e.g., a regulatory element) or
a combination of coding and non-coding sequence. The sequence encoded by the polynucleotide
donor is heterologous with respect to the genomic locus into which the sequence is inserted. In
embodiments, insertion of a non-coding donor sequence modifies expression of an endogenous gene
located cis to (e.g., 5 to or 3” to) the inserted sequence. In a related embodiment, at least one of the
polynucleotide donor molecules used in the method is a single stranded DNA molecule, a single
stranded RNA molecule, a single stranded DNA-RNA hybrid molecule, or a duplex RNA-DNA
molecule. In another related embodiment, wherein the modified plant cell of the method is a
meristematic cell, embryonic cell, or germline cell. In yet another related embodiment, the methods
described in this paragraph, when practiced repeatedly or on a pool of cells, result in an efficiency of
at least 1%, ¢.g., at least 2%, 5%, 7%, 10%, 15%, 20%, 25%, 30%, 35 % or more, wherein said
efficiency is determined, ¢.g., by dividing the number of successfully targeted cells by the total
number of cells targeted. In a related embodiment, the targeted plant cell has a ploidy of 2n, with n
being a value selected from the group consisting of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, and 6, wherein the
method generates 2n targeted modifications at 2n loci of the predetermined target sites within the
plant cell genome; and wherein 2n of the targeted modifications are insertions or creations of
predetermined sequences encoded by one or more polynucleotide donor molecules.

[0016] In another related embodiment, the invention provides a method of modifying a plant cell
by creating a plurality of targeted modifications in the genome of the plant cell, comprising:
contacting the genome with one or more targeting agents, wherein the one or more agents comprise or
encode predetermined peptide or nucleic acid sequences, wherein the predetermined peptide or
nucleic acid sequences bind preferentially at or near predetermined target sites within the plant
genome, and wherein the binding directs the generation of the plurality of targeted modifications
within the genome; wherein the plurality of targeted modifications occurs without an intervening step

of separately identifying an individual modification and without a step of separately selecting for the
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occurrence of an individual modification among the plurality of targeted modifications mediated by
the targeting agents; and wherein the targeted modifications improve at least one trait of the plant cell,
or at least one trait of a plant comprising the plant cell, or at least one trait of a plant grown from the
plant cell, or result in a detectable phenotype in the modified plant cell; and wherein at least one of the
targeted modifications is an insertion of a predetermined sequence encoded by one or more
polynucleotide donor molecules, and wherein at least one of the polynucleotide donor molecules is a
single stranded DNA molecule, a single stranded RNA molecule, a single stranded DNA-RNA hybrid
molecule, or a duplex RNA-DNA molecule. In a related embodiment, at least one of the
polynucleotide donor molecules used in the method lacks homology to the genome sequences
adjacent to the site of insertion. In another related embodiment, the modified plant cell is a
meristematic cell, embryonic cell, or germline cell. In yet another related embodiment, repetition of
the methods described in this paragraph result in an efficiency of at least 1%, ¢.g., at least 2%, 5%,
7%, 10%, 15%, 20%, 25%, 30%, 35 % or more, wherein said efficiency is determined by dividing the
number of successfully targeted cells by the total number of cells targeted. In a related embodiment,
the targeted plant cell has a ploidy of 2n, with n being a value selected from the group consisting of
05,1,15,2,25,3,35,4,5, and 6, wherein the method generates 2n targeted modifications at 2n
loci of the predetermined target sites within the plant cell genome; and wherein 2n of the targeted
modifications are insertions or creations of predetermined sequences encoded by one or more
polynucleotide donor molecules.

[0017] In another embodiment, the invention provides a method of modifying a plant cell by
creating a plurality of targeted modifications in the genome of the plant cell, comprising: contacting
the genome with one or more targeting agents, wherein the one or more agents comprise or encode
predetermined peptide or nucleic acid sequences, wherein the predetermined peptide or nucleic acid
sequences bind preferentially at or near predetermined target sites within the plant genome, and
wherein the binding directs the generation of the plurality of targeted modifications within the
genome; wherein the plurality of modifications occurs without an intervening step of separately
identifying an individual modification and without a step of separately selecting for the occurrence of
an individual modification among the plurality of targeted modifications mediated by the targeting
agents; wherein the targeted modifications improve at least one trait of the plant cell, or at least one
trait of a plant comprising the plant cell, or at least one trait of a plant or seed obtained from the plant
cell, or result in a detectable phenotype in the modified plant cell; and wherein the modified plant cell
is a meristematic cell, embryonic cell, or germline cell. In a related embodiment, at least one of the
targeted modifications is an insertion of a predetermined sequence encoded by one or more
polynucleotide donor molecules, and wherein at least one of the polynucleotide donor molecules is a
single stranded DNA molecule, a single stranded RNA molecule, a single stranded DNA-RNA hybrid
molecule, or a duplex RNA-DNA molecule. In yet another related embodiment, at least one of the

polynucleotide donor molecules lacks homology to the genome sequences adjacent to the site of
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insertion. In yet another embodiment related to the methods of this paragraph, repetition of the
method results in an efficiency of at least 1%, e.g., at least 2%, 5%, 7%, 10%, 15%, 20%, 25%, 30%,
35 % or more, wherein said efficiency is determined by dividing the number of successfully targeted
cells by the total number of cells targeted. In a related embodiment, the targeted plant cell has a
ploidy of 2n, with n being a value selected from the group consisting of 0.5, 1, 1.5,2,2.5,3,3.5,4, 5,
and 6, wherein the method generates 2n targeted modifications at 2n loci of the predetermined target
sites within the plant cell genome; and wherein 2n of the targeted modifications are insertions or
creations of predetermined sequences encoded by one or more polynucleotide donor molecules.
[0018] In another embodiment, the invention provides a method of modifying a plant cell by
creating a plurality of targeted modifications in the genome of the plant cell, comprising: contacting
the genome with one or more targeting agents, wherein the one or more agents comprise or encode
predetermined peptide or nucleic acid sequences, wherein the predetermined peptide or nucleic acid
sequences bind preferentially at or near predetermined target sites within the plant genome, and
wherein the binding directs the generation of the plurality of targeted modifications within the
genome; wherein the plurality of modifications occurs without an intervening step of separately
identifying an individual modification and without a step of separately selecting for the occurrence of
an individual modification among the plurality of targeted modifications mediated by the targeting
agents; and wherein the targeted modifications improve at least one trait of the plant cell, or at least
one trait of a plant comprising the plant cell, or at least one trait of a plant or seed obtained from the
plant cell, or result in a detectable phenotype in the modified plant cell; and wherein repetition of the
aforementioned steps results in an efficiency of at least 1%, e.g., at least 2%, 5%, 7%, 10%, 15%,
20%, 25%, 30%, 35 % or more, wherein said efficiency is determined by dividing the number of
successfully targeted cells by the total number of cells targeted. In a related embodiment, the
modified plant cell is a meristematic cell, embryonic cell, or germline cell. In another related
embodiment, at least one of the targeted modifications is an insertion of a predetermined sequence
encoded by one or more polynucleotide donor molecules, and wherein at least one of the
polynucleotide donor molecules is a single stranded DNA molecule, a single stranded RNA molecule,
a single stranded DNA-RNA hybrid molecule, or a duplex RNA-DNA molecule. In yet another
related embodiment of the methods of this paragraph, at least one of the polynucleotide donor
molecules used in the method lacks homology to the genome sequences adjacent to the site of
insertion. In a related embodiment, the targeted plant cell has a ploidy of 2n, with n being a value
selected from the group consisting of 0.5, 1, 1.5,2,2.5,3,3.5, 4, 5, and 6, wherein the method
generates 2n targeted modifications at 2n loci of the predetermined target sites within the plant cell
genome; and wherein 2n of the targeted modifications are insertions or creations of predetermined
sequences encoded by one or more polynucleotide donor molecules.

[0019] In various embodiments of the methods described above, at least one of the targeted

modifications is an insertion between 3 and 400 nucleotides in length, between 10 and 350
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nucleotides in length, between 18 and 350 nucleotides in length, between 18 and 200 nucleotides in
length, between 10 and 150 nucleotides in length, or between 11 and 100 nucleotides in length. In
certain, embodiments, two of the targeted modifications are insertions between 10 and 350
nucleotides in length, between 18 and 350 nucleotides in length, between 18 and 200 nucleotides in
length, between 10 and 150 nucleotides in length, or between 11 and 100 nucleotides in length.

[0020] In another variation of the methods described above, at least two insertions are made, and
at least one of the insertions is an upregulatory sequence. In yet another variation, the targeted
modification methods described above insert or create at least one transcription factor binding site. In
yet another variation of the methods described above, the insertion or insertions of predetermined
sequences into the plant genome are accompanied by the deletion of sequences from the plant
genome.

[0021] In yet another embodiment of the targeted modification methods described above, the
methods further comprise obtaining a plant from the modified plant cell and breeding the plant. In yet
another embodiment, the methods described above comprise a step of introducing additional genetic
or epigenetic changes into the modified plant cell or into a plant grown from the modified plant cell.
[0022] In an embodiment of the targeted modification methods described above, at least two
targeted insertions are made and the targeted insertions independently up- or down-regulate the
expression of two or more distinct genes. For example, a targeted insertion may increase expression at
least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 100% or greater,
¢.g., at least a 2-fold, 5-fold, 10-fold, 20-fold, 30-fold, 40-fold, 50-fold change, 100-fold or even
1000-fold change or more. In some embodiments, expression is increased between 10-100%; between
2-fold and 5-fold; between 2 and 10-fold; between 10-fold and 50-fold; between 10-fold and a 100-
fold; between 100-fold and 1000-fold; between 1000-fold and 5,000-fold; between 5,000-fold and
10,000 fold. In some embodiments, a targeted insertion may decrease expression by at least 1%, 5%,
10%, 15%, 20%, 25%, 30%, 35%, 40%, 50%, 60%, 70%, 80%, 90%, 95%., 99% or more.

[0023] In yet another embodiment of the targeted insertion methods described above, the donor
polynucleotide is tethered to a crRNA by a covalent bond, a non-covalent bond, or a combination of
covalent and non-covalent bonds. In a related embodiment, the invention provides a composition for
targeting a genome comprising a donor polynucleotide tethered to a cRNA by a covalent bond, a non-
covalent bond, or a combination of covalent and non-covalent bonds.

[0024] In another embodiment of the targeted modification methods described above, the loss of
epigenetic marks after modifying occurs in less than 0.1%, 0.08%, 0.05%, 0.02%, or 0.01% of the
genome. In yet another embodiment of the targeted modification methods described above, the
genome of the modified plant cell is more than 99%, e.g., more than 99.5% or more than 99.9%
identical to the genome of the parent cell.

[0025] In yet another embodiment of the targeted modification methods described above, at least

one of the targeted modifications is an insertion and at least one insertion is in a region of the genome
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that is recalcitrant to meiotic or mitotic recombination. In general, the compositions and methods
disclosed herein are useful in editing multiple loci, alleles, or genes to provide a phenotype directly in
germline cells of a plant, such as a crop plant having elite germplasm, without the undesirable effects
(e.g., gene drag, random meiotic recombination, epigenetic changes caused by regeneration/tissue
culture) obtained by using traditional breeding and/or transgenic techniques. The compositions and
methods disclosed herein provide additional advantages over other known techniques, for example:
the ability to make simultaneous or consecutive multiple edits (genomic modifications) in closely
linked genomic regions; the ability to introduce edits in genomic regions that are recalcitrant to
ordinary breeding or recombination; the ability to edit a genome to incorporate genetic sequences
found in related species (even distantly related) or unrelated species without needing to resort to
traditional breeding and multiple generations of crossing, selfing, or backcrossing; and the ability to
introduce precise genomic changes directly into elite germplasm of plant species of interest (e.g., elite
inbred maize lines that are relevant to hybrid production or are suited to different geographic
locations).

[0026] In certain embodiments of the plant cell genome targeting methods described above, the
plant cell is a member of a pool of cells being targeted. In related embodiments, the modified cells
within the pool are characterized by sequencing after targeting.

[0027] The invention also provides modified plant cells comprising at least two separately
targeted insertions in its genome, wherein the insertions are determined relative to a parent plant cell,
and wherein the modified plant cell is devoid of mitotically or meiotically generated genetic or
epigenetic changes relative to the parent plant cell. In certain embodiments, these plant cells are
obtained using the multiplex targeted insertion methods described above. In certain embodiments, the
modified plant cells comprise at least two separately targeted insertions, wherein the genome of the
modified plant cell is at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, at least
99.5%, at least 99.9%, or at least 99.99% identical to the parent cell, taking all genetic or epigenetic
changes into account.

[0028] While the introgression of certain traits and transgenes into plants has been successful,
achieving a homozygous modified plant in one step (i.¢., modifying all targeted loci simultaneously)
has not been previously described. Plants homozygous for, ¢.g., targeted insertions could only be
obtained by further crossing and/or techniques involving double-haploids. These techniques are not
only time consuming and laborious, they also lead to plants which deviate from the original plant not
only for the targeted insertion but also for other changes as a consequence of the techniques employed
to enable homozygosity. As such changes could have unintended and unpredictable consequences and
may require further testing or screening, they are clearly undesired in a breeding process. In certain
embodiments, the invention provides methods of making a targeted mutation and/or targeted insertion
in all of the 2n targeted loci in a plant genome in one step, resulting a plant that is homozygous with

respect to the targeted modification, i.e., all of the targeted alleles in the genome are modified.
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[0029] The invention also provides modified plant cells resulting from any of the claimed
methods described, as well as recombinant plants grown from those modified plant cells. Such plants
can consist entirely of the modified plant cells, or can include both the modified plant cells and non-
modified plant cells (e.g., genetic mosaics, genetic chimeras, and grafted plants that contain scion and
rootstock of different genetics). In yet another embodiment, the invention provides a modified plant
cell, having a ploidy of 2n, with n being a value selected from the group consisting of 0.5, 1, 1.5, 2,
2.5,3,3.5, 4,5, and 6, wherein said plant cell comprises at least two precise and separately targeted
insertions in its genome at the 2n loci of at least one predetermined target site, wherein the targeted
modifications are determined relative to an original plant cell, and wherein the modified plant cell is
genetically identical to the original plant with the exception of the targeted modification and any
changes as a consequence of multiplying said engineered plant cell. In yet another embodiment, the
invention provides a plant, consisting of modified plant cells having a ploidy of 2n, with n being a
value selected from the group consisting of 0.5, 1, 1.5,2,2.5, 3,35, 4, 5, and 6, wherein each of said
plant cells comprises at least two precise and separately targeted modification in its genome at the 2n
loci of at least one predetermined target site, wherein the modifications are determined relative to an
original plant, and wherein the modified plant is genetically identical to the original plant with the
exception of the targeted modification and any changes as a consequence of regenerating or growing
said plant from a plant cell of claim 1, and — optionally — further propagating said plant.

[0030] In some embodiments, the invention provides a method of manufacturing a processed
plant product, comprising: (a) modifying a plant cell according to any of the targeted methods
described above; (b) growing an modified plant from said plant cell, and (¢) processing the modified
plant into a processed product, thereby manufacturing a processed plant product. In related
embodiments, the processed product may be meal, oil, juice, sugar, starch, fiber, an extract, wood or
wood pulp, flour, cloth or some other commodity plant product. The invention also provides a
method of manufacturing a plant product, comprising (a) modifying a plant cell according to any of
the targeted methods described above, (b) growing a modified plant from said plant cell, and

(c) harvesting a product of the modified plant, thereby manufacturing a plant product. In related
embodiments, the plant product is a product may be leaves, fruit, vegetables, nuts, seeds, oil, wood,
flowers, cones, branches, hay, fodder, silage, stover, straw, pollen, or some other harvested
commodity product. In further related embodiments, the processed products and harvested products

are packaged.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Figures 1A — 1C depict the Clustal-W (1.83) multiple-sequence alignment of the next-
generation sequencing reads of the maize (Zea mays) alcohol dehydrogenase ADHI that were
amplified and sequenced as described in detail in Example 4. Sequencing reads are identified by a

number beginning with the letter P and are listed from highest to lowest percentage of total NGS
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reads. P1 identifies the non-edited sequence, i. e., identical to the reference sequence identified at the
beginning of the list by an “NCBI_gi” number (NCBI accession number). Asterisks in the last line of
the alignment indicate conserved nucleotides.

[0032] Figures 2A — 2F depict the Clustal-W (1.83) multiple-sequence alignment of the next-
generation sequencing reads of the kale (Brassica oleracea) Myb-like transcription factor 2,
BoMYBL2 that were amplified and sequenced as described in detail in Example 5. Sequencing reads
are identified by a number beginning with the letter P and are listed from highest to lowest percentage
of total NGS reads. P1 identifies the non-edited sequence, i. e., identical to the reference sequence
identified at the beginning of the list by an “NCBI_gi” number (NCBI accession number).  Asterisks
in the last line of the alignment indicate conserved nucleotides.

[0033] Figures 3A — 3C depict the Clustal-W (1.83) multiple-sequence alignment of the next-
generation sequencing reads of the kale (Brassica oleracea) “Gigantea” gene BoGl that were
amplified and sequenced as described in detail in Example 5. Sequencing reads are identified by a
number beginning with the letter P and are listed from highest to lowest percentage of total NGS
reads. P1 identifies the non-edited sequence, i. e., identical to the reference sequence identified at the
beginning of the list by an “NCBI_gi” number (NCBI accession number).  Asterisks in the last line
of the alignment indicate conserved nucleotides.

[0034] Figures 4A — 4D depict the Clustal-W (1.83) multiple-sequence alignment of the next-
generation sequencing reads of the maize (Zea mays) alcohol dehydrogenase ADHI that were
amplified and sequenced as described in detail in Example 8. Sequencing reads are identified by a
number beginning with the letter P and are listed from highest to lowest percentage of total NGS
reads. P1 identifies the non-edited sequence, i.e., identical to the reference sequence identified at the
beginning of the list by an “NCBI_gi” number (NCBI accession number). Asterisks in the last line of
the alignment indicate conserved nucleotides.

[0035] Figure 5 depicts results of experiments described in detail in Example 20. Panel A
illustrates mean relative gene expression of Dofl (solid black bars), NRT2.2 (solid white bars), and
Gln1.4 (diagonally hatched bars) genes, normalized to tubulin expression. Null controls are indicated
by the “=” symbol. Panel B illustrates mean relative gene expression of the unmodified, endogenous
AMT3, normalized to tubulin expression, in the presence of KCI (solid black bars) or KNOs (solid
white bars), in cells where the Dofl, NRT2.2, and GInl.4 genes were individually modified, or where

[T3E]

all three genes were modified (“Multiplex™). Null controls are indicated by the symbol.

[0036] Figure 6 depicts results of experiments described in detail in Example 23, and illustrates
mean relative gene expression of AMT3 (solid white bars) and Lc¢ (diagonally hatched bars) genes,
normalized to tubulin expression, in the presence of KCI or KNQO;. “3hrs” and “18hrs” refer to cells
that were subjected to a second (ZmLc-Pro3/0OCS homologue) transfection or editing reaction 3 or 18
hours, respectively, after a first (AMT3-Prol/AtNRE) transfection. Null controls are indicated by

“Empty”.
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DETAILED DESCRIPTION OF THE INVENTION
Definitions

[0037] Unless otherwise stated, nucleic acid sequences in the text of this specification are given,
when read from left to right, in the 5° to 3” direction. Nucleic acid sequences may be provided as
DNA or as RNA, as specified; disclosure of one necessarily defines the other, as well as necessarily
defines the exact complements, as is known to one of ordinary skill in the art. Where a term is
provided in the singular, the inventors also contemplate aspects of the invention described by the
plural of that term.

[0038] By “polynucleotide™ is meant a nucleic acid molecule containing multiple nucleotides and
refers to “oligonucleotides™ (defined here as a polynucleotide molecule of between 2 — 25 nucleotides
in length) and polynucleotides of 26 or more nucleotides. Polynucleotides are generally described as
single- or double-stranded. Where a polynucleotide contains double-stranded regions formed by
intra- or intermolecular hybridization, the length of each double-stranded region is conveniently
described in terms of the number of base pairs. Aspects of this invention include the use of
polynucleotides or compositions containing polynucleotides; embodiments include one or more
oligonucleotides or polynucleotides or a mixture of both, including single- or double-stranded RNA or
single- or double-stranded DNA or single- or double-stranded DNA/RNA hybrids or chemically
modified analogues or a mixture thereof. In various embodiments, a polynucleotide (such as a single-
stranded DNA/RNA hybrid or a double-stranded DNA/RNA hybrid) includes a combination of
ribonucleotides and deoxyribonucleotides (e. g., synthetic polynucleotides consisting mainly of
ribonucleotides but with one or more terminal deoxyribonucleotides or synthetic polynucleotides
consisting mainly of deoxyribonucleotides but with one or more terminal dideoxyribonucleotides), or
includes non-canonical nucleotides such as inosine, thiouridine, or pseudouridine. In embodiments,
the polynucleotide includes chemically modified nucleotides (see, e. g., Verma and Eckstein (1998)
Annu. Rev. Biochem., 67:99-134); for example, the naturally occurring phosphodiester backbone of an
oligonucleotide or polynucleotide can be partially or completely modified with phosphorothioate,
phosphorodithioate, or methylphosphonate internucleotide linkage modifications; modified nucleoside
bases or modified sugars can be used in oligonucleotide or polynucleotide synthesis; and
oligonucleotides or polynucleotides can be labelled with a fluorescent moiety (e. g., fluorescein or
rhodamine or a fluorescence resonance energy transfer or FRET pair of chromophore labels) or other
label (e. g., biotin or an isotope). Modified nucleic acids, particularly modified RNAs, are disclosed
in U. S. Patent 9,464,124, incorporated by reference in its entirety herein. For some polynucleotides
(especially relatively short polynucleotides, e. g., oligonucleotides of 2 — 25 nucleotides or base-pairs,
or polynucleotides of about 25 to about 300 nucleotides or base-pairs), use of modified nucleic acids,
such as locked nucleic acids (“LNAs™), is useful to modify physical characteristics such as increased

melting temperature (7m) of a polynucleotide duplex incorporating DNA or RNA molecules that
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contain one or more LNASs; see, e. 2., You ef al. (2006) Nucleic Acids Res., 34:1-11 (e60),
doi:10.1093/nar/gkl175.

[0039] In the context of the genome targeting methods described herein, the phrase “contacting a
genome” with an agent means that an agent responsible for effecting the targeted genome
modification (e.g., a break, a deletion, a rearrangement, or an insertion) is delivered to the interior of
the cell so the directed mutagenic action can take place.

[0040] In the context of discussing or describing the ploidy of a plant cell, the "n" (as in “a
ploidy of 2n”) refers to the number of homologous pairs of chromosomes, and is typically equal to the
number of homologous pairs of gene loci on all chromosomes present in the cell. For example, the 2n
ploidy of a plant cell can be described as haploid (n = 0.5), diploid (n = 1), triploid (n = 1.5),
tetraploid (n = 2), pentaploid (n = 2.5), hexaploid (n = 3), heptaploid (n = 3.5), octaploid (n = 4),
decaploid (n =35), or dodecaploid (n = 6).

[0041] The term “inbred variety” refers to a genetically homozygous or substantially
homozygous population of plants that preferably comprises homozygous alleles at about 95%,
preferably 98.5% or more of its loci. An inbred line can be developed through inbreeding (i.., several
cycles of selfing, more preferably at least 5, 6, 7 or more cycles of selfing) or doubled haploidy
resulting in a plant line with a high uniformity. Inbred lines breed true, e.g., for one or more or all
phenotypic traits of interest. An "inbred", "inbred individual, or "inbred progeny" is an individual
sampled from an inbred line.

[0042] "FL, F2, F3, etc." refers to the consecutive related generations following a cross between
two parent plants or parent lines. The plants grown from the seeds produced by crossing two plants or
lines is called the Fl generation. Selfing the F1 plants results in the F2 generation, etc. "F1 hybrid"
plant (or F1 hybrid seed) is the generation obtained from crossing two inbred parent lines. Thus, Fl
hybrid seeds are seeds from which FI hybrid plants grow. FI hybrids are more vigorous and higher
vielding, due to heterosis.

[0043] Hybrid seed: Hybrid seed is seed produced by crossing two different inbred lines (i.c. a
female inbred line with a male inbred). Hybrid seed is heterozygous over a majority of its alleles.
[0044] As used herein, the term "variety" refers to a group of similar plants that by structural or
genetic features and/or performance can be distinguished from other varieties within the same species.
[0045] The term "cultivar” (for cultivated variety) is used herein to denote a variety that is not
normally found in nature but that has been created by humans, i.¢., having a biological status other
than a "wild" status, which "wild" status indicates the original non-cultivated, or natural state of a
plant or accession. The term "cultivar" includes, but is not limited to, semi-natural, semi- wild, weedy,
traditional cultivar, landrace, breeding material, research material, breeder's line, synthetic population,
hybrid, founder stock/base population, inbred line (parent of hybrid cultivar), segregating population,
mutant/genetic stock, and advanced/improved cultivar. The term "elite background" is used herein to

indicate the genetic context or environment of a targeted mutation of insertion.
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[0046] The term "dihaploid line" refers to stable inbred lines issued from another culture. Some
pollen grains (haploid) cultivated on specific medium and circumstances can develop plantlets
containing n chromosomes. These plantlets are then "doubled" and contain 2n chromosomes. The
progeny of these plantlets are named "dihaploid" and are essentially not segregating any more (i.€.,
they are stable).

[0047] "FI hybrid" plant (or F1 hybrid seed) is the generation obtained from crossing two inbred
parent lines. Thus, FI hybrid seeds are seeds from which FI hybrid plants grow. Fl hybrids are more
vigorous and higher yielding, due to heterosis. Inbred lines are essentially homozygous at most loci in
the genome. A "plant line" or "breeding line" refers to a plant and its progeny. “F1”, “F27, “F37, etc."
refers to the consecutive related generations following a cross between two parent plants or parent
lines. The plants grown from the seeds produced by crossing two plants or lines is called the F1
generation. Selfing the Fl plants results in the F2 generation, etc.

[0048] The term "allele(s)" means any of one or more alternative forms of a gene at a particular
locus, all of which alleles relate to one trait or characteristic at a specific locus. In a diploid cell of an
organism, alleles of a given gene are located at a specific location, or locus (loci plural), on a
chromosome. One allele is present on each chromosome of the pair of homologous chromosomes. A
diploid (or triploid etc.) plant may comprise a large number of different alleles at a particular locus.
The alleles at a particular locus may be identical (homozygous) or different (heterozygous).

[0049] The term "locus" (loci plural) means a specific place or places or a site on a chromosome
where for example a QTL, a gene or genetic marker is found.

[0050] “Selectable marker” or “selection marker” refers to a sequence which enabldes
enrichment of a stably transformed plant by adding a substance (i) which is otherwise toxic to cell
(negative selection marker) or (i1) which creates a growth advantage in the presence of the marker
(positive selection marker).

[0051] In Arabidopsis thaliana, the spontaneous (non-targeted) mutation rate for a single base
pair has been reported to be 7x10 per bp per generation, which, assuming an estimated 30
replications per generation, leads to an estimated spontaneous (non-targeted) mutation rate of 2x107™°
mutations per base pair per replication event; see book[dot]bionumbers|dot]org/what-is-the-mutation-
rate-during-genome-replication. Another report provides estimates in germline tissue of Arabidopsis
thaliana of 40 cell divisions per generation, 6.5x10” mutations per nucleotide site per generation, and
0.16x10” mutations per nucleotide site per cell division; see Lynch (2010) Trends Genet . 26:345-
352, doi:10.1016/).tig.2010.05.003. Other estimates of spontaneous mutation rates in plants include
2.9x10"® substitutions per site per year (maize) and 3.3x107® substitutions per site per year (maize); see
Clark et al. (2005) Mol. Biol. Evol., 22:2304-2312, doi:10.1093/molbev/msi228.

[0052] The term "and/or" where used herein is to be taken as specific disclosure of each of the
multiple specified features or components with or without another. Thus, the term and/or" as used in

a phrase such as "A and/or B" herein is intended to include "A and B," "A or B," "A" (alone), and "B"
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(alone). Likewise, the term "and/or" as used in a phrase such as "A, B, and/or C" is intended to
encompass each of the following embodiments: A, B,and C; A,B,orC;AorC;AorB;BorC; A
and C; A and B; B and C; A (alone); B (alone); and C (alone).

TOOLS AND METHODS FOR MULTIPLEX EDITING

[0053] CRISPR technology for editing the genes of eukaryotes is disclosed in U. S. Patent
Application Publications 2016/0138008A1 and US2015/0344912A1, and in U. S. Patents 8,697,359,
8,771,945, 8,945,839, 8,999,641, 8,993,233, 8,895,308, 8,865,406, 8,889,418, 8,871,445, 8,889,356,
8,932,814, 8,795,965, and 8,906,616. Cpfl endonuclease and corresponding guide RNAs and PAM
sites are disclosed in U. S. Patent Application Publication 2016/0208243 A1. Other CRISPR
nucleases useful for editing genomes include C2¢1 and C2¢3 (see Shmakov ef al. (2015) Mol. Cell,
60:385 — 397) and CasX and CasY (see Burstein ef al. (2016) Nature, doi:10.1038/nature21059).
Plant RNA promoters for expressing CRISPR guide RNA and plant codon-optimized CRISPR Cas9
endonuclease are disclosed in International Patent Application PCT/US2015/018104 (published as
WO 2015/131101 and claiming priority to US Provisional Patent Application 61/945,700). Methods
of using CRISPR technology for genome editing in plants are disclosed in in U. S. Patent Application
Publications US 2015/0082478A1 and US 2015/0059010A1 and in International Patent Application
PCT/US2015/038767 A1 (published as WO 2016/007347 and claiming priority to US Provisional
Patent Application 62/023,246).

[0054] CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas (CRISPR-
associated) systems, or CRISPR systems, are adaptive defense systems originally discovered in
bacteria and archaca. CRISPR systems use RNA-guided nucleases termed CRISPR-associated or
“Cas” endonucleases (e. g., Cas9 or Cpfl) to cleave foreign DNA. In atypical CRISPR/Cas system, a
Cas endonuclease is directed to a target nucleotide sequence (e. g., a site in the genome that is to be
sequence-edited) by sequence-specific, non-coding “guide RNAs™ that target single- or double-
stranded DNA sequences. In microbial hosts, CRISPR loci encode both Cas endonucleases and
“CRISPR arrays” of the non-coding RNA elements that determine the specificity of the CRISPR-
mediated nucleic acid cleavage.

[0055] Three classes (I-1II) of CRISPR systems have been identified across a wide range of
bacterial hosts. The well characterized class II CRISPR systems use a single Cas endonuclease
(rather than multiple Cas proteins). One class II CRISPR system includes a type II Cas endonuclease
such as Cas9, a CRISPR RNA (“crRNA”), and a trans-activating crRNA (“tracrRNA”). The crRNA
contains a “guide RNA”, typically a 20-nucleotide RNA sequence that corresponds to (i. e., is
identical or nearly identical to, or alternatively is complementary or nearly complementary to) a 20-
nucleotide target DNA sequence. The crRNA also contains a region that binds to the tractrRNA to

form a partially double-stranded structure which is cleaved by RNase 11, resulting in a
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crRNA/tractRNA hybrid. The crRNA/tractRNA hybrid then directs the Cas9 endonuclease to
recognize and cleave the target DNA sequence.

[0056] The target DNA sequence must generally be adjacent to a “protospacer adjacent motif™
(“PAM?”) that is specific for a given Cas endonuclease; however, PAM sequences are short and
relatively non-specific, appearing throughout a given genome. CRISPR endonucleases identified
from various prokaryotic species have unique PAM sequence requirements; examples of PAM
sequences include 5°-NGG (Strepfococcus pyogenes), 5’-NNAGAA (Streptococcus thermophilus
CRISPR1), 5°-NGGNG (Streptococcus thermophilus CRISPR3), 5°-NNGRRT or 5°’-NNGRR
(Staphylococcus aureus Cas9, SaCas9), and 5°-NNNGATT (Neisseria meningitidis). Some
endonucleases, e. g., Cas9 endonucleases, are associated with G-rich PAM sites, e. 2., 5°-NGG, and
perform blunt-end cleaving of the target DNA at a location 3 nucleotides upstream from (5° from) the
PAM site.

[0057] Another class IT CRISPR system includes the type V endonuclease Cpfl, which is a
smaller endonuclease than is Cas9; examples include AsCpfl (from Acidaminococcus sp.) and
LbCpfl (from Lachnospiraceae sp.). Cpfl-associated CRISPR arrays are processed into mature
crRNAs without the requirement of a tractrRNA; in other words, a Cpfl system requires only the Cpfl
nuclease and a crRNA to cleave the target DNA sequence. Cpfl endonucleases, are associated with
T-rich PAM sites, e. g., 5°-TTN. Cpfl can also recognize a 5°-CTA PAM motif. Cpfl cleaves the
target DNA by introducing an offset or staggered double-strand break with a 4- or 5-nucleotide 5°
overhang, for example, cleaving a target DNA with a 5-nucleotide offset or staggered cut located 18
nucleotides downstream from (3” from) from the PAM site on the coding strand and 23 nucleotides
downstream from the PAM site on the complimentary strand; the 5-nucleotide overhang that results
from such offset cleavage allows more precise genome editing by DNA insertion by homologous
recombination than by insertion at blunt-end cleaved DNA. See, e. g., Zetsche er al. (2015) Cell,
163:759 — 771. Other CRISPR nucleases useful in methods and compositions of the invention include
C2c¢1 and C2¢3 (see Shmakov ef al. (2015) Mol. Cell, 60:385 — 397). Like other CRISPR nucleases,
C2c1 from Alicyclobacillus acidoterrestris (AacC2cl; amino acid sequence with accession D
TOD7A2, deposited on-line at www|dot|ncbi[dot|nlm[dot|nih[dot]gov/protein/1076761101) requires
a guide RNA and PAM recognition site; C2¢1 cleavage results in a staggered seven-nucleotide DSB
in the target DNA (see Yang et al. (2016) Cell, 167:1814 — 1828.¢12) and is reported to have high
mismatch sensitivity, thus reducing off-target effects (see Liu ef al. (2016) Mol. Cell, available on line
at dx|dot]doi[dot]org/10[dot]1016/j[dot|molcel[dot]2016[dot]11.040). Yet other CRISPR nucleases
include nucleases identified from the genomes of uncultivated microbes, such as CasX and CasY (e.
g., a CRISPR-associated protein CasY from an uncultured Parcubacteria group bacterium, amino acid
sequence with accession ID APG80656, deposited on-line at
www]|dot|ncbi[dot|nlm[dot|nih[dot]gov/protein/ APG80656.1]); see Burstein ef al. (2016) Nature,
doi:10.1038/nature21059.

20



WO 2018/140899 PCT/US2018/015793

[0058] For the purposes of gene editing, CRISPR arrays can be designed to contain one or
multiple guide RNA sequences corresponding to a desired target DNA sequence; see, for example,
Cong et al. (2013) Science, 339:819-823; Ran et al. (2013) Nature Protocols, 8:2281 — 2308. At least
16 or 17 nucleotides of gRNA sequence are required by Cas9 for DNA cleavage to occur; for Cpfl at
least 16 nucleotides of gRNA sequence are needed to achieve detectable DNA cleavage and at least
18 nucleotides of gRNA sequence were reported necessary for efficient DNA cleavage in vitro; see
Zetsche ef al. (2015) Cell, 163:759 — 771. In practice, guide RNA sequences are generally designed
to have a length of between 17 — 24 nucleotides (frequently 19, 20, or 21 nucleotides) and exact
complementarity (i. e., perfect base-pairing) to the targeted gene or nucleic acid sequence; guide
RNAs having less than 100% complementarity to the target sequence can be used (e. g., a gRNA with
a length of 20 nucleotides and between 1 — 4 mismatches to the target sequence) but can increase the
potential for off-target effects. The design of effective guide RNAs for use in plant genome editing is
disclosed in U. S. Patent Application Publication 2015/0082478 A1, the entire specification of which
is incorporated herein by reference. More recently, efficient gene editing has been achieved using a
chimeric “single guide RNA” (“sgRNA™), an engineered (synthetic) single RNA molecule that
mimics a naturally occurring crRNA-tracrRNA complex and contains both a tracrRNA (for binding
the nuclease) and at least one crRNA (to guide the nuclease to the sequence targeted for editing); see,
for example, Cong ef al. (2013) Science, 339:819 — 823; Xing ef al. (2014) BMC Plant Biol., 14:327 —
340. Chemically modified sgRNAs have been demonstrated to be effective in genome editing; see,
for example, Hendel ef al. (2015) Nature Biotech., 985 — 991.

[0059] CRISPR-type genome editing has value in various aspects of agriculture research and
development. CRISPR elements, 7.e., CRISPR endonucleases and CRISPR single-guide RNAs, are
useful in effecting genome editing without remnants of the CRISPR clements or selective genetic
markers occurring in progeny. Alternatively, genome-inserted CRISPR elements are useful in plant
lines adapted for multiplex genetic screening and breeding. For instance, a plant species can be
created to express one or more of a CRISPR endonuclease such as a Cas9- or a Cpfl-type
endonuclease or combinations with unique PAM recognition sites. Cpfl endonuclease and
corresponding guide RNAs and PAM sites are disclosed in U. S. Patent Application Publication
2016/0208243 A1, which is incorporated herein by reference for its disclosure of DNA encoding Cpfl
endonucleases and guide RNAs and PAM sites. Introduction of one or more of a wide variety of
CRISPR guide RNAs that interact with CRISPR endonucleases integrated into a plant genome or
otherwise provided to a plant is useful for genetic editing for providing desired phenotypes or traits,
for trait screening, or for trait introgression. Multiple endonucleases can be provided in expression
cassettes with the appropriate promoters to allow multiple genome editing in a spatially or temporally
separated fashion in either in chromosome DNA or episome DNA.

[0060] Whereas wild-type Cas9 generates double-strand breaks (DSBs) at specific DNA

sequences targeted by a gRNA, a number of CRISPR endonucleases having modified functionalities
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are available, for example: (1) a “nickase” version of Cas9 generates only a single-strand break; (2) a
catalytically inactive Cas9 (“dCas9”) does not cut the target DNA but interferes with transcription; (3)
dCas9 on its own or fused to a repressor peptide can repress gene expression; (4) dCas9 fused to an
activator peptide can activate or increase gene expression; (5) dCas9 fused to Fokl nuclease (“dCas9-
FokI™) can be used to generate DSBs at target sequences homologous to two gRNAs; and (6) dCas9
fused to histone-modifying enzymes (e. g., histone acetyltransferases, histone methyltransferases,
histone deacetylases, and histone demethylases) can be used to alter the epigenome in a site-specific
manner, for example, by changing the methylation or acetylation status at a particular locus. See, e.
2., the numerous CRISPR/Cas9 plasmids disclosed in and publicly available from the Addgene
repository (Addgene, 75 Sidney St., Suite 550A, Cambridge, MA 02139; addgene[dot]org/crispr/). A
“double nickase™ Cas9 that introduces two separate double-strand breaks, each directed by a separate
guide RNA, is described as achieving more accurate genome editing by Ran er al. (2013) Cell,
154:1380 — 1389.

[0061] In some embodiments, the methods of targeted modification described herein provide a
means for avoiding unwanted epigenctic losses that can arise from tissue culturing modified plant
cells (see, e.g., Stroud et al. eLife 2013; 2:¢00354). Using the methods described herein in the
absence of tissue culture, a loss of epigenetic marking may occur in less than 0.01% of the genome.
This contrasts with results obtained with rice plants where tissue culture methods may result in losses
of DNA methylation that occur, on average, as determined by bisulfite sequencing, at 1344 places that
are on average 334 base pairs long, which means a loss of DNA methylation at an average of 0.1% of
the genome (Stroud, 2013). In other words, the loss in marks using the targeted modification
techniques described herein without tissue culture is 10 times lower than the loss observed when
tissue culture techniques are relied on. In certain embodiments of the novel modified plant cells
described herein, the modified plant cell or plant does not have significant losses of methylation
compared to a non-modified parent plant cell or plant; in other words, the methylation pattern of the
genome of the modified plant cell or plant is not greatly different from the methylation pattern of the
genome of the parent plant cell or plant; in embodiments, the difference between the methylation
pattern of the genome of the modified plant cell or plant and that of the parent plant cell or plant is
less than 0.1%, 0.05%, 0.02%, or 0.01% of the genome, or less than 0.005% of the genome, or less
than 0.001% of the genome (see, e. g., Stroud er al. (2013) eLife 2:¢00354; DOI:
10.7554/¢Life.00354).

[0062] CRISPR technology for editing the genes of eukaryotes is disclosed in U.S. Patent
Application Publications 2016/0138008A1 and US2015/0344912A1, and in U.S. Patents 8,697,359,
8,771,945, 8,945,839, 8,999,641, 8,993,233, 8,895,308, 8,865,406, 8,889,418, 8,871,445, 8,889,356,
8,932,814, 8,795,965, and 8,906,616. Cpfl endonuclease and corresponding guide RNAs and PAM
sites are disclosed in U.S. Patent Application Publication 2016/0208243 A1. Plant RNA promoters
for expressing CRISPR guide RNA and plant codon-optimized CRISPR Cas9 endonuclease are
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disclosed in International Patent Application PCT/US2015/018104 (published as WO 2015/131101
and claiming priority to US Provisional Patent Application 61/945,700). Methods of using CRISPR
technology for genome editing in plants are disclosed in in U.S. Patent Application Publications US
2015/0082478A1 and US 2015/0059010A1 and in International Patent Application
PCT/US2015/038767 A1 (published as WO 2016/007347 and claiming priority to US Provisional
Patent Application 62/023,246). All of the patent publications referenced in this paragraph are
incorporated herein by reference in their entirety.

[0063] In some embodiments, one or more vectors driving expression of one or more
polynucleotides encoding elements of a genome-editing system (e. g., encoding a guide RNA or a
nuclease) are introduced into a plant cell or a plant protoplast, whereby these elements, when
expressed, result in alteration of a target nucleotide sequence. In embodiments, a vector comprises a
regulatory element such as a promoter operably linked to one or more polynucleotides encoding
clements of a genome-editing system. In such embodiments, expression of these polynucleotides can
be controlled by selection of the appropriate promoter, particularly promoters functional in a plant
cell; useful promoters include constitutive, conditional, inducible, and temporally or spatially specific
promoters (e. g., a tissue specific promoter, a developmentally regulated promoter, or a cell cycle
regulated promoter). In embodiments, the promoter is operably linked to nucleotide sequences
encoding multiple guide RNAs, wherein the sequences encoding guide RNAs are separated by a
cleavage site such as a nucleotide sequence encoding a microRNA recognition/cleavage site or a self-
cleaving ribozyme (see, e. g., Ferré-D'Amaré and Scott (2014) Cold Spring Harbor Perspectives Biol.,
2:a003574). In embodiments, the promoter is a pol II promoter operably linked to a nucleotide
sequence encoding one or more guide RNAs. In embodiments, the promoter operably linked to one
or more polynucleotides encoding elements of a genome-editing system is a constitutive promoter that
drives DNA expression in plant cells; in embodiments, the promoter drives DNA expression in the
nucleus or in an organelle such as a chloroplast or mitochondrion. Examples of constitutive
promoters include a CaMV 35S promoter as disclosed in U. S. Patents 5,858,742 and 5,322,938, a rice
actin promoter as disclosed in U. S. Patent 5,641,876, a maize chloroplast aldolase promoter as
disclosed in U. S. Patent 7,151,204, and an opaline synthase (NOS) and octapine synthase (OCS)
promoter from Agrobacterium tumefaciens. In embodiments, the promoter operably linked to one or
more polynucleotides encoding elements of a genome-editing system is a promoter from figwort
mosaic virus (FMV), a RUBISCO promoter, or a pyruvate phosphate dikinase (PDK) promoter,
which is active in the chloroplasts of mesophyll cells. Other contemplated promoters include cell-
specific or tissue-specific or developmentally regulated promoters, for example, a promoter that limits
the expression of the nucleic acid targeting system to germline or reproductive cells (e. g., promoters
of genes encoding DNA ligases, recombinases, replicases, or other genes specifically expressed in
germline or reproductive cells); in such embodiments, the nuclease-mediated genetic modification (e.

g., chromosomal or episomal double-stranded DNA cleavage) is limited only those cells from which
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DNA is inherited in subsequent generations, which is advantageous where it is desirable that
expression of the genome-editing system be limited in order to avoid genotoxicity or other unwanted
effects. All of the patent publications referenced in this paragraph are incorporated herein by
reference in their entirety.

[0064] In some embodiments, elements of a genome-editing system (e.g., an RNA-guided
nuclease and a guide RNA) are operably linked to separate regulatory elements on separate vectors.
In other embodiments, two or more elements of a genome-editing system expressed from the same or
different regulatory elements or promoters are combined in a single vector, optionally with one or
more additional vectors providing any additional necessary elements of a genome-editing system not
included in the first vector. For example, multiple guide RNAs can be expressed from one vector,
with the appropriate RNA-guided nuclease expressed from a second vector. In another example, one
or more vectors for the expression of one or more guide RNAs (e. 2., crRNAs or sgRNAs) are
delivered to a cell (e. g., a plant cell or a plant protoplast) that expresses the appropriate RNA-guided
nuclease, or to a cell that otherwise contains the nuclease, such as by way of prior administration
thereto of a vector for in vivo expression of the nuclease.

[0065] Genome-editing 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. In embodiments, the endonuclease and the nucleic acid-targeting guide RNA
may be operably linked to and expressed from the same promoter. In embodiments, a single promoter
drives expression of a transcript encoding an endonuclease and the guide RNA, 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), which can be plant-derived; such use of introns is especially contemplated when the
expression vector is being transformed or transfected into a monocot plant cell or a monocot plant
protoplast.

[0066] Expression vectors provided herein may contain a DNA segment near the 3’ end of an
expression cassette that acts as a signal to terminate transcription and directs polyadenylation of the
resultant mRNA. Such a 3” element is commonly referred to as a “3’-untranslated region™ or “3'-
UTR” or a “polyadenylation signal”. Useful 3' elements include: Agrobacterium tumefaciens nos 3',
tml 3', tmr 3', tms 3', ocs 3', and tr7 3’ elements disclosed in U.S. Pat. No. 6,090,627, incorporated
herein by reference, and 3' elements from plant genes such as the heat shock protein 17, ubiquitin, and
fructose-1,6-biphosphatase genes from wheat (7¥iticum aestivum), and the glutelin, lactate
dehydrogenase, and beta-tubulin genes from rice (Oryza sativa), disclosed in U. S. Patent Application
Publication 2002/0192813 A1, incorporated herein by reference.

[0067] In certain embodiments, a vector or an expression cassette includes additional

components, e. g., a polynucleotide encoding a drug resistance or herbicide gene or a polynucleotide
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encoding a detectable marker such as green fluorescent protein (GFP) or befa-glucuronidase (gus) to
allow convenient screening or selection of cells expressing the vector. In embodiments, the vector or
expression cassette includes additional elements for improving delivery to a plant cell or plant
protoplast or for directing or modifying expression of one or more genome-editing system elements,
for example, fusing a sequence encoding a cell-penetrating peptide, localization signal, transit, or
targeting peptide to the RNA-guided nuclease, or adding a nucleotide sequence to stabilize a guide
RNA; such fusion proteins (and the polypeptides encoding such fusion proteins) or combination
polypeptides, as well as expression cassettes and vectors for their expression in a cell, are specifically
claimed. In embodiments, an RNA-guided nuclease (e. g., Cas9, Cpfl, CasY, CasX, C2¢1, or C2¢3)
is fused to a localization signal, transit, or targeting peptide, e. g., a nuclear localization signal (NLS),
a chloroplast transit peptide (CTP), or a mitochondrial targeting peptide (MTP); in a vector or an
expression cassette, the nucleotide sequence encoding any of these can be located either 5° and/or 3°
to the DNA encoding the nuclease. For example, a plant-codon-optimized Cas9 (pco-Cas9) from
Streptococcus pyogenes and S. thermophilus containing nuclear localization signals and codon-
optimized for expression in maize is disclosed in PCT/US2015/018104 (published as
WO0/2015/131101 and claiming priority to US Provisional Patent Application 61/945,700),
incorporated herein by reference. In another example, a chloroplast-targeting RNA is appended to the
5” end of an mRNA encoding an endonuclease to drive the accumulation of the mRNA in
chloroplasts; see Gomez, ef al. (2010) Plant Signal Behav.,5: 1517 — 1519. In an embodiment, a
Cas9 from Streptococcus pyogenes is fused to a nuclear localization signal (NLS), such as the NLS
from SV40. In an embodiment, a Cas9 from Streptococcus pyogenes is fused to a cell-penetrating
peptide (CPP), such as octa-arginine or nona-arginine or a homoarginine 12-mer oligopeptide, or a
CPP disclosed in the database of cell-penetrating peptides CPPsite 2.0, publicly available at
crdd[dot]osdd[dot|net/raghava/cppsite/. In an example, a Cas9 from Streptfococcus pyogenes (which
normally carries a net positive charge) is modified at the N-terminus with a negatively charged
glutamate peptide “tag” and at the C-terminus with a nuclear localization signal (NLS); when mixed
with cationic arginine gold nanoparticles (ArgNPs), self-assembled nanoassemblies were formed
which were shown to provide good editing efficiency in human cells; see Mout ef al. (2017) ACS
Nano, doi:10.1021/acsnano.6b07600. In an embodiment, a Cas9 from Streptococcus pyogenes is
fused to a chloroplast transit peptide (CTP) sequence. In embodiments, a CTP sequence is obtained
from any nuclear gene that encodes a protein that targets a chloroplast, and the isolated or synthesized
CTP DNA is appended to the 5° end of the DNA that encodes a nuclease targeted for use in a
chloroplast. Chloroplast transit peptides and their use are described in U. S. Patents 5,188,642,
5,728,925, and 8,420,888, all of which are incorporated herein by reference in their entirety.
Specifically, the CTP nucleotide sequences provided with the sequence identifier (SEQ ID) numbers
12— 15 and 17 - 22 of U. S. Patent 8,420,888 are incorporated herein by reference. In an

embodiment, a Cas9 from Streprococcus pyogenes is fused to a mitochondrial targeting peptide
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(MTP), such as a plant MTP sequence; see, e. g., Jores ef al. (2016) Nature Communications, 7:12036
—12051.

[0068] Plasmids designed for use in plants and encoding CRISPR genome editing clements
(CRISPR nucleases and guide RNAs) are publicly available from plasmid repositories such as
Addgene (Cambridge, Massachusetts; also see “addgene[dot]com™) or can be designed using publicly
disclosed sequences, e. g., sequences of CRISPR nucleases. In embodiments, such plasmids are used
to co-express both CRISPR nuclease mRNA and guide RNAC(s); in other embodiments, CRISPR
endonuclease mRNA and guide RNA are encoded on separate plasmids. In embodiments, the
plasmids are Agrobacterium TI plasmids. Materials and methods for preparing expression cassettes
and vectors for CRISPR endonuclease and guide RNA for stably integrated and/or transient plant
transformation are disclosed in PCT/US2015/018104 (published as WO/2015/131101 and claiming
priority to US Provisional Patent Application 61/945,700), U. S. Patent Application Publication
2015/0082478 A1, and PCT/US2015/038767 (published as W0/2016/007347 and claiming priority to
US Provisional Patent Application 62/023,246), all of which are incorporated herein by reference in
their entirety. In embodiments, such expression cassettes are isolated linear fragments, or are part of a
larger construct that includes bacterial replication elements and selectable markers; such embodiments
are useful, e. g., for particle bombardment or nanoparticle delivery or protoplast transformation. In
embodiments, the expression cassette is adjacent to or located between T-DNA borders or contained
within a binary vector, e. g., for Agrobacterium-mediated transformation. In embodiments, a plasmid
encoding a CRISPR nuclease is delivered to cell (such as a plant cell or a plant protoplast) for stable
integration of the CRISPR nuclease into the genome of cell, or alternatively for transient expression
of the CRISPR nuclease. In embodiments, plasmids encoding a CRISPR nuclease are delivered to a
plant cell or a plant protoplast to achieve stable or transient expression of the CRISPR nuclease, and
one or multiple guide RNAs (such as a library of individual guide RNAs or multiple pooled guide
RNAs) or plasmids encoding the guide RNAs are delivered to the plant cell or plant protoplast
individually or in combinations, thus providing libraries or arrays of plant cells or plant protoplasts (or
of plant callus or whole plants derived therefrom), in which a variety of genome edits are provided by
the different guide RNAs. A pool or arrayed collection of diverse modified plant cells comprising
subsets of targeted modifications (¢.g., a collection of plant cells or plants where some plants are
homozygous and some are heterozygous for one, two, three or more targeted modifications) can be
compared to determine the function of modified sequences (e.g., mutated or deleted sequences or
genes) or the function of sequences being inserted. In other words, the methods and tools described
herein can be used to perform “reverse genetics.”

[0069] In certain embodiments where the genome-editing system is a CRISPR system,
expression of the guide RNA is driven by a plant U6 spliceosomal RNA promoter, which can be
native to the genome of the plant cell or from a different species, e. g., a U6 promoter from maize,

tomato, or soybean such as those disclosed in PCT/US2015/018104 (published as WO 2015/131101
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and claiming priority to US Provisional Patent Application 61/945,700), incorporated herein by
reference, or a homologue thereof, such a promoter is operably linked to DNA encoding the guide
RNA for directing an endonuclease, followed by a suitable 3” element such as a U6 poly-T terminator.
In another embodiment, an expression cassette for expressing guide RNAs in plants is used, wherein
the promoter is a plant U3, 7SL (signal recognition particle RNA), U2, or U5 promoter, or chimerics
thereof, e. g., as described in PCT/US2015/018104 (published as WO 2015/131101 and claiming
priority to US Provisional Patent Application 61/945,700), incorporated herein by reference. When
multiple or different guide RNA sequences are used, a single expression construct may be used to
correspondingly direct the genome editing activity to the multiple or different target sequences in a
cell, such a plant cell or a plant protoplast. In various embodiments, a single vector includes 1, 2, 3, 4,
5,6,7,8,9, 10, about 15, about 20, or more guide RNA sequences; in other embodiments, 1, 2, 3, 4,
5,6,7,8,9, 10, about 15, about 20, or more guide RNA sequences are provided on multiple vectors,
which can be delivered to one or multiple plant cells or plant protoplasts (e. g., delivered to an array
of plant cells or plant protoplasts, or to a pooled population of plant cells or plant protoplasts).

[0070] In embodiments, one or more guide RNAs and the corresponding RNA-guided nuclease
are delivered together or simultaneously. In other embodiments, one or more guide RNAs and the
corresponding RNA-guided nuclease are delivered separately; these can be delivered in separate,
discrete steps and using the same or different delivery techniques. In an example, an RNA-guided
nuclease is delivered to a cell (such as a plant cell or plant protoplast) by particle bombardment, on
carbon nanotubes, or by Agrobacterium-mediated transformation, and one or more guide RNAs is
delivered to the cell in a separate step using the same or different delivery technique. In
embodiments, an RNA-guided nuclease encoded by a DNA molecule or an mRNA is delivered to a
cell with enough time prior to delivery of the guide RNA to permit expression of the nuclease in the
cell; for example, an RNA-guided nuclease encoded by a DNA molecule or an mRNA is delivered to
a plant cell or plant protoplast between 1 — 12 hours (e. g, about 1,2, 3,4,5,6,7,8,9,10, 11, or 12
hours, or between about 1 — 6 hours or between about 2 — 6 hours) prior to the delivery of the guide
RNA to the plant cell or plant protoplast. In embodiments, whether the RNA-guided nuclease is
delivered simultaneously with or separately from an initial dose of guide RNA, succeeding “booster”
doses of guide RNA are delivered subsequent to the delivery of the initial dose; for example, a second
“booster” dose of guide RNA is delivered to a plant cell or plant protoplast between 1 — 12 hours (e.
g.about1,2,3,4,5,6,7 8,9, 10, 11, or 12 hours, or between about 1 — 6 hours or between about 2 —
6 hours) subsequent to the delivery of the initial dose of guide RNA to the plant cell or plant
protoplast. Similarly, in some embodiments, multiple deliveries of an RNA-guided nuclease or of a
DNA molecule or an mRNA encoding an RNA-guided nuclease are used to increase efficiency of the
genome modification.

[0071] In embodiments, the desired genome modification involves non-homologous

recombination, in this case non-homologous end-joining of genomic sequence across one or more
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introduced double-strand breaks; generally, such embodiments do not require a donor template having
homology “arms” (regions of homologous or complimentary sequence to genomic sequence flanking
the site of the DSB). In various embodiments described herein, donor polynucleotides encoding
sequences for targeted insertion at double-stranded breaks are single-stranded polynucleotides
comprising RNA or DNA or both types of nucleotides; or the donor polynucleotides are at least
partially double-stranded and comprise RNA, DNA or both types of nucleotides. Other modified
nucleotides may also be used.

[0072] In other embodiments, the desired genome modification involves homologous
recombination, wherein one or more double-stranded DNA break in the target nucleotide sequence is
generated by the RNA-guided nuclease and guide RNAC(s), followed by repair of the break(s) using a
homologous recombination mechanism (“homology-directed repair”). In such embodiments, a donor
template that encodes the desired nucleotide sequence to be inserted or knocked-in at the double-
stranded break and generally having homology “arms” (regions of homologous or complimentary
sequence to genomic sequence flanking the site of the DSB) is provided to the cell (such as a plant
cell or plant protoplast); examples of suitable templates include single-stranded DNA templates and
double-stranded DNA templates (e. g., in the form of a plasmid). In general, a donor template
encoding a nucleotide change over a region of less than about 50 nucleotides is conveniently provided
in the form of single-stranded DNA; larger donor templates (e. g., more than 100 nucleotides) are
often conveniently provided as double-stranded DNA plasmids.

[0073] In certain embodiments directed to the targeted incorporation of sequences by
homologous recombination, a donor template has a core nucleotide sequence that differs from the
target nucleotide sequence (e. g., a homologous endogenous genomic region) by at least 1, at least 5,
at least 10, at least 20, at least 30, at least 40, at least 50, or more nucleotides. This core sequence is
flanked by “homology arms” or regions of high sequence identity with the targeted nucleotide
sequence; in embodiments, the regions of high identity include at least 10, at least 50, at least 100, at
least 150, at least 200, at least 300, at least 400, at least 500, at least 600, at least 750, or at least 1000
nucleotides on each side of the core sequence. In embodiments where the donor template is in the
form of a single-stranded DNA, the core sequence is flanked by homology arms including at least 10,
at least 20, at least 30, at least 40, at least 50, at least 60, at least 70, at least 80, or at least 100
nucleotides on each side of the core sequence. In embodiments where the donor template is in the
form of a double-stranded DNA plasmid, the core sequence is flanked by homology arms including at
least 500, at least 600, at least 700, at least 800, at least 900, or at least 1000 nucleotides on each side
of the core sequence. In an embodiment, two separate double-strand breaks are introduced into the
cell’s target nucleotide sequence with a “double nickase™ Cas9 (see Ran ef al. (2013) Cell, 154:1380 —
1389), followed by delivery of the donor template.

28



WO 2018/140899 PCT/US2018/015793

DELIVERY METHODS AND AGENTS

[0074] Aspects of the invention involve various treatments employed to deliver to a plant cell or
protoplast a guide RNA (gRNA), such as a crRNA or sgRNA (or a polynucleotide encoding such),
and/or a polynucleotide encoding a sequence for targeted insertion at a double-strand break in a
genome. In embodiments, one or more treatments are employed to deliver the gRNA into a plant cell
or plant protoplast, e. g., through barriers such as a cell wall or a plasma membrane or nuclear
envelope or other lipid bilayer.

[0075] Unless otherwise stated, the various compositions and methods described herein for
delivering guide RNAs and nucleases to a plant cell or protoplast are also generally useful for
delivering donor polynucleotides to the cell. The delivery of donor polynucleotides can be
simultaneous with, or separate from (generally after) delivery of the nuclease and guide RNA to the
cell. For example, a donor polynucleotide can be transiently introduced into a plant cell or plant
protoplast, optionally with the nuclease and/or gRNA; in certain embodiments, the donor template is
provided to the plant cell or plant protoplast in a quantity that is sufficient to achieve the desired
insertion of the donor polynucleotide sequence but donor polynucleotides do not persist in the plant
cell or plant protoplast after a given period of time (e. g., after one or more cell division cycles).
[0076] In certain embodiments, a gRNA- or donor polynucleotide, in addition to other agents
involved in targeted modifications, can be delivered to a plant cell or protoplast by directly contacting
the plant cell or protoplast with a composition comprising the gRNA(s) or donor polynucleotide(s).
For example, a gRNA-containing composition in the form of a liquid, a solution, a suspension, an
emulsion, a reverse emulsion, a colloid, a dispersion, a gel, liposomes, micelles, an injectable
material, an acrosol, a solid, a powder, a particulate, a nanoparticle, or a combination thereof can be
applied directly to a plant cell (or plant part or tissue containing the plant cell) or plant protoplast (e.
2., through abrasion or puncture or otherwise disruption of the cell wall or cell membrane, by spraying
or dipping or soaking or otherwise directly contacting, or by microinjection). In certain embodiments,
a plant cell (or plant part or tissue containing the plant cell) or plant protoplast is soaked in a liquid
gRNA-containing composition, whereby the gRNA is delivered to the plant cell or plant protoplast.
In embodiments, the gRNA-containing composition is delivered using negative or positive pressure,
for example, using vacuum infiltration or application of hydrodynamic or fluid pressure. In
embodiments, the gRNA-containing composition is introduced into a plant cell or plant protoplast, e.
g., by microinjection or by disruption or deformation of the cell wall or cell membrane, for example
by physical treatments such as by application of negative or positive pressure, shear forces, or
treatment with a chemical or physical delivery agent such as surfactants, liposomes, or nanoparticles;
see, e. g., delivery of materials to cells employing microfluidic flow through a cell-deforming
constriction as described in US Published Patent Application 2014/0287509, incorporated by

reference in its entirety herein. Other techniques useful for delivering the gRNA-containing
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composition to a plant cell or plant protoplast include: ultrasound or sonication; vibration, friction,
shear stress, vortexing, cavitation; centrifugation or application of mechanical force; mechanical cell
wall or cell membrane deformation or breakage; enzymatic cell wall or cell membrane breakage or
permeabilization; abrasion or mechanical scarification (e. g., abrasion with carborundum or other
particulate abrasive or scarification with a file or sandpaper) or chemical scarification (e. g., treatment
with an acid or caustic agent); and electroporation. In embodiments, the gRNA-containing
composition is provided by bacterially mediated (e. g., Agrobacterium sp., Rhizobium sp.,
Sinorhizobium sp., Mesorhizobium sp., Bradyrhizobium sp., Azobacter sp., Phyllobacterium sp.)
transfection of the plant cell or plant protoplast with a polynucleotide encoding the gRNA; see, e. g.,
Broothaerts ef al. (2005) Nature, 433:629 — 633. Any of these techniques or a combination thereof
are alternatively employed on the plant part or tissue or intact plant (or seed) from which a plant cell
or plant protoplast is optionally subsequently obtained or isolated; in embodiments, the gRNA-
containing composition is delivered in a separate step after the plant cell or plant protoplast has been
obtained or isolated.

[0077] In embodiments, a treatment employed in delivery of a gRNA to a plant cell or plant
protoplast is carried out under a specific thermal regime, which can involve one or more appropriate
temperatures, e. g., chilling or cold stress (exposure to temperatures below that at which normal plant
growth occurs), or heating or heat stress (exposure to temperatures above that at which normal plant
growth occurs), or treating at a combination of different temperatures. In embodiments, a specific
thermal regime is carried out on the plant cell or plant protoplast, or on a plant or plant part from
which a plant cell or plant protoplast is subsequently obtained or isolated, in one or more steps
separate from the gRNA delivery.

[0078] In embodiments, a whole plant or plant part or seed, or an isolated plant cell or plant
protoplast, or the plant or plant part from which a plant cell or plant protoplast is obtained or isolated,
is treated with one or more delivery agents which can include at least one chemical, enzymatic, or
physical agent, or a combination thereof. In embodiments, a gRNA-containing composition further
includes one or more one chemical, enzymatic, or physical agent for delivery. In embodiments that
further include the step of providing an RNA-guided nuclease or a polynucleotide that encodes the
RNA-guided nuclease, a gRNA-containing composition including the RNA-guided nuclease or
polynucleotide that encodes the RNA-guided nuclease further includes one or more one chemical,
enzymatic, or physical agent for delivery. Treatment with the chemical, enzymatic or physical agent
can be carried out simultancously with the gRNA delivery, with the RNA-guided nuclease delivery,
or in one or more separate steps that precede or follow the gRNA delivery or the RNA-guided
nuclease delivery. In embodiments, a chemical, enzymatic, or physical agent, or a combination of
these, is associated or complexed with the polynucleotide composition, with the gRNA or
polynucleotide that encodes or is processed to the gRNA, or with the RNA-guided nuclease or

polynucleotide that encodes the RNA-guided nuclease; examples of such associations or complexes
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include those involving non-covalent interactions (e. g., ionic or electrostatic interactions,
hydrophobic or hydrophilic interactions, formation of liposomes, micelles, or other heterogeneous
composition) and covalent interactions (e. g., peptide bonds, bonds formed using cross-linking
agents). In non-limiting examples, a gRNA or polynucleotide that encodes or is processed to the
gRNA is provided as a liposomal complex with a cationic lipid; a gRNA or polynucleotide that
encodes or is processed to the gRNA is provided as a complex with a carbon nanotube; and an RNA-
guided nuclease is provided as a fusion protein between the nuclease and a cell-penetrating peptide.
Examples of agents useful for delivering a gRNA or polynucleotide that encodes or is processed to the
gRNA or a nuclease or polynucleotide that encodes the nuclease include the various cationic
liposomes and polymer nanoparticles reviewed by Zhang et al. (2007) J. Controlled Release, 123:1 —
10, and the cross-linked multilamellar liposomes described in U. S. Patent Application Publication
2014/0356414 Al, incorporated by reference in its entirety herein.

[0079] In embodiments, the chemical agent is at least one selected from the group consisting of:

(a) solvents (e. g., water, dimethylsulfoxide, dimethylformamide, acetonitrile, N-pyrrolidine,
pyridine, hexamethylphosphoramide, alcohols, alkanes, alkenes, dioxanes, polyethylene glycol, and
other solvents miscible or emulsifiable with water or that will dissolve phosphonucleotides in non-
aqueous systems);

(b) fluorocarbons (e. g., perfluorodecalin, perfluoromethyldecalin);

(c) glycols or polyols (e. g., propylene glycol, polyethylene glycol);

(d) surfactants, including cationic surfactants, anionic surfactants, non-ionic surfactants, and
amphiphilic surfactants, e. g., alkyl or aryl sulfates, phosphates, sulfonates, or carboxylates; primary,
secondary, or tertiary amines; quaternary ammonium salts; sultaines, betaines; cationic lipids;
phospholipids; tallowamine; bile acids such as cholic acid; long chain alcohols; organosilicone
surfactants including nonionic organosilicone surfactants such as trisiloxane ethoxylate surfactants or
a silicone polyether copolymer such as a copolymer of polyalkylene oxide modified heptamethyl
trisiloxane and allyloxypolypropylene glycol methylether (commercially available as SILWET L-
77™ brand surfactant having CAS Number 27306-78-1 and EPA Number CAL. REG. NO. 5905-
50073-AA, Momentive Performance Materials, Inc., Albany, N.Y.); specific examples of useful
surfactants include sodium lauryl sulfate, the Tween series of surfactants, Triton-X100, Triton-X114,
CHAPS and CHAPSO, Tergitol-type NP-40, Nonidet P-40;

(e) lipids, lipoproteins, lipopolysaccharides;

(f) acids, bases, caustic agents;

(g) peptides, proteins, or enzymes (e. g., cellulase, pectolyase, maceroenzyme, pectinase),
including cell-penetrating or pore-forming peptides (e. g., (BO100)2K8, Genscript; poly-lysine, poly-
arginine, or poly-homoarginine peptides; gamma zein, see U. S. Patent Application publication
2011/0247100, incorporated herein by reference in its entirety; transcription activator of human

immunodeficiency virus type 1 (“HIV-1 Tat”) and other Tat proteins, see, e. g.,
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www]|dot]lifetein|dot]com/Cell Penetrating Peptides|dot]html and Jarver (2012) Mol. Therapy—
Nucleic Acids, 1:¢27,1 — 17); octa-arginine or nona-arginine; poly-homoarginine (see Unnamalai et al.
(2004) FEBS Letters, 566:307 — 310); see also the database of cell-penctrating peptides CPPsite 2.0
publicly available at crdd[dot]osdd|dot|net/raghava/cppsite/

(h) RNase inhibitors;

(1) cationic branched or linear polymers such as chitosan, poly-lysine, DEAE-dextran,
polyvinylpyrrolidone (“PVP?), or polyethylenimine (“PEI”, e. g., PEIL branched, MW 25,000, CAS#
9002-98-6; PEI lincar, MW 5000, CAS# 9002-98-6; PEI lincar, MW 2500, CAS# 9002-98-6);

(j) dendrimers (see, e. g., U. S. Patent Application Publication 2011/0093982, incorporated
herein by reference in its entirety);

(k) counter-ions, amines or polyamines (e. g., spermine, spermidine, putrescine), osmolytes,
buffers, and salts (e. g., calcium phosphate, ammonium phosphate);

(D) polynucleotides (e. g., non-specific double-stranded DNA, salmon sperm DNA);

(m) transfection agents (e. g., Lipofectin®, Lipofectamine®, and Oligofectamine®, and
Invivofectamine® (all from Thermo Fisher Scientific, Waltham, MA), PepFect (see Ezzat ef al.
(2011) Nucleic Acids Res., 39:5284 — 5298), TransIt® transfection reagents (Mirus Bio, LLC,
Madison, WI), and poly-lysine, poly-homoarginine, and poly-arginine molecules including octo-
arginine and nono-arginine as described in Lu et al. (2010) J. Agric. Food Chem., 58:2288 — 2294);

(n) antibiotics, including non-specific DNA double-strand-break-inducing agents (e. g.,
phleomycin, bleomycin, talisomycin); and

(o) antioxidants (e. g., glutathione, dithiothreitol, ascorbate).

In embodiments, the chemical agent is provided simultaneously with the gRNA (or
polynucleotide encoding the gRNA or that is processed to the gRNA), for example, the
polynucleotide composition including the gRNA further includes one or more chemical agent. In
embodiments, the gRNA or polynucleotide encoding the gRNA or that is processed to the gRNA is
covalently or non-covalently linked or complexed with one or more chemical agent; for example, the
gRNA or polynucleotide encoding the gRNA or that is processed to the gRNA can be covalently
linked to a peptide or protein (e. g., a cell-penetrating peptide or a pore-forming peptide) or non-
covalently complexed with cationic lipids, polycations (e. g., polyamines), or cationic polymers (e. g.,
PEI). In embodiments, the gRNA or polynucleotide encoding the gRNA or that is processed to the
gRNA is complexed with one or more chemical agents to form, ¢. g., a solution, liposome, micelle,
emulsion, reverse emulsion, suspension, colloid, or gel.

[0080] In embodiments, the physical agent is at least one selected from the group consisting of
particles or nanoparticles (e. g., particles or nanoparticles made of materials such as carbon, silicon,
silicon carbide, gold, tungsten, polymers, or ceramics) in various size ranges and shapes, magnetic
particles or nanoparticles (e. g, silenceMag Magnetotransfection™ agent, OZ Biosciences, San

Diego, CA), abrasive or scarifying agents, needles or microneedles, matrices, and grids. In
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embodiments, particulates and nanoparticulates are useful in delivery of the polynucleotide
composition or the nuclease or both. Useful particulates and nanoparticles include those made of
metals (e. g., gold, silver, tungsten, iron, cerium), ceramics (e. g., aluminum oxide, silicon carbide,
silicon nitride, tungsten carbide), polymers (e. g., polystyrene, polydiacetylene, and poly(3,4-
cthylenedioxythiophene) hydrate), semiconductors (e. g., quantum dots), silicon (e. ., silicon
carbide), carbon (e. g., graphite, graphene, graphene oxide, or carbon nanosheets, nanocomplexes, or
nanotubes), and composites (e. g., polyvinylcarbazole/graphene, polystyrene/graphene,
platinum/graphene, palladium/graphene nanocomposites). In embodiments, such particulates and
nanoparticulates are further covalently or non-covalently functionalized, or further include modifiers
or cross-linked materials such as polymers (e. g., linear or branched polyethylenimine, poly-lysine),
polynucleotides (e. g., DNA or RNA), polysaccharides, lipids, polyglycols (e. g., polyethylene glycol,
thiolated polyethylene glycol), polypeptides or proteins, and detectable labels (e. g., a fluorophore, an
antigen, an antibody, or a quantum dot). In various embodiments, such particulates and nanoparticles
are neutral, or carry a positive charge, or carry a negative charge. Embodiments of compositions
including particulates include those formulated, e. g., as liquids, colloids, dispersions, suspensions,
acrosols, gels, and solids. Embodiments include nanoparticles affixed to a surface or support, e. g., an
array of carbon nanotubes vertically aligned on a silicon or copper wafer substrate. Embodiments
include polynucleotide compositions including particulates (e. g., gold or tungsten or magnetic
particles) delivered by a Biolistic-type technique or with magnetic force. The size of the particles
used in Biolistics is generally in the “microparticle” range, for example, gold microcarriers in the 0.6,
1.0, and 1.6 micrometer size ranges (see, e. g., instruction manual for the Helios® Gene Gun System,
Bio-Rad, Hercules, CA; Randolph-Anderson er al. (2015) “Sub-micron gold particles are superior to
larger particles for efficient Biolistic® transformation of organelles and some cell types”, Bio-Rad
US/EG Bulletin 2015), but successful Biolistics delivery using larger (40 nanometer) nanoparticles
has been reported in cultured animal cells; see O’ Brian and Lummis (2011) BMC Biotechnol., 11:66 —
71. Other embodiments of useful particulates are nanoparticles, which are generally in the nanometer
(nm) size range or less than 1 micrometer, e. g., with a diameter of less than about 1 nm, less than
about 3 nm, less than about 5 nm, less than about 10 nm, less than about 20 nm, less than about 40
nm, less than about 60 nm, less than about 80 nm, and less than about 100 nm. Specific, non-limiting
embodiments of nanoparticles commercially available (all from Sigma-Aldrich Corp., St. Louis, MO)
include gold nanoparticles with diameters of 5, 10, or 15 nm; silver nanoparticles with particle sizes
of 10, 20, 40, 60, or 100 nm; palladium “nanopowder” of less than 25 nm particle size; single-,
double-, and multi-walled carbon nanotubes, e. g., with diameters of 0.7-1.1,1.3-2.3,0.7- 0.9, or
0.7 = 1.3 nm, or with nanotube bundle dimensions of 2 — 10 nm by 1- 5 micrometers, 6 — 9 nm by 5
micrometers, 7 — 15 nm by 0.5 — 10 micrometers, 7 — 12 nm by 0.5 — 10 micrometers, 110 — 170 nm
by 5 — 9 micrometers, 6 — 13 nm by 2.5 — 20 micrometers. Embodiments include polynucleotide

compositions including materials such as gold, silicon, cerium, or carbon, e. g., gold or gold-coated
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nanoparticles, silicon carbide whiskers, carborundum, porous silica nanoparticles, gelatin/silica
nanoparticles, nanoceria or cerium oxide nanoparticles (CNPs), carbon nanotubes (CNTs) such as
single-, double-, or multi-walled carbon nanotubes and their chemically functionalized versions (e. g.,
carbon nanotubes functionalized with amide, amino, carboxylic acid, sulfonic acid, or polyethylene
glycol moeities), and graphene or graphene oxide or graphene complexes; see, for example, Wong ef
al. (2016) Nano Lett., 16:1161 — 1172; Giraldo ef al. (2014) Nature Materials, 13:400-409; Shen et al.
(2012) Theranostics, 2:283 — 294; Kim et al. (2011) Bioconjugate Chem., 22:2558 — 2567, Wang ef
al. (2010) J. Am. Chem. Soc. Comm., 132:9274 — 9276; Zhao et al. (2016) Nanoscale Res. Left.,
11:195 — 203; and Choi et al. (2016) J. Controlled Release, 235:222 — 235, See also, for example, the
various types of particles and nanoparticles, their preparation, and methods for their use, e. g., in
delivering polynucleotides and polypeptides to cells, disclosed in U. S. Patent Application
Publications 2010/0311168, 2012/0023619, 2012/0244569, 2013/0145488, 2013/0185823,
2014/0096284, 2015/0040268, 2015/0047074, and 2015/0208663, all of which are incorporated
herein by reference in their entirety.

[0081] In embodiments wherein the gRNA (or polynucleotide encoding the gRNA) is provided
in a composition that further includes an RNA-guided nuclease (or a polynucleotide that encodes the
RNA-guided nuclease), or wherein the method further includes the step of providing an RNA-guided
nuclease or a polynucleotide that encodes the RNA-guided nuclease, one or more one chemical,
enzymatic, or physical agent can similarly be employed. In embodiments, the RNA-guided nuclease
(or polynucleotide encoding the RNA-guided nuclease) is provided separately, e. g., in a separate
composition including the RNA-guided nuclease or polynucleotide encoding the RNA-guided
nuclease. Such compositions can include other chemical or physical agents (e. g., solvents,
surfactants, proteins or enzymes, transfection agents, particulates or nanoparticulates), such as those
described above as useful in the polynucleotide composition used to provide the gRNA. For example,
porous silica nanoparticles are useful for delivering a DNA recombinase into maize cells; see, e. g.,
Martin-Ortigosa et al. (2015) Plant Physiol., 164:537 — 547. In an embodiment, the polynucleotide
composition includes a gRNA and Cas9 nuclease, and further includes a surfactant and a cell-
penetrating peptide. In an embodiment, the polynucleotide composition includes a plasmid that
encodes both an RNA-guided nuclease and at least on gRNA, and further includes a surfactant and
carbon nanotubes. In an embodiment, the polynucleotide composition includes multiple gRNAs and
an mRNA encoding the RNA-guided nuclease, and further includes gold particles, and the
polynucleotide composition is delivered to a plant cell or plant protoplast by Biolistics.

[0082] In related embodiments, one or more one chemical, enzymatic, or physical agent can be
used in one or more steps separate from (preceding or following) that in which the gRNA is provided.
In an embodiment, the plant or plant part from which a plant cell or plant protoplast is obtained or
isolated is treated with one or more one chemical, enzymatic, or physical agent in the process of

obtaining or isolating the plant cell or plant protoplast. In embodiments, the plant or plant part is
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treated with an abrasive, a caustic agent, a surfactant such as Silwet L-77 or a cationic lipid, or an
enzyme such as cellulase.

[0083] In embodiments, a gRNA is delivered to plant cells or plant protoplasts prepared or
obtained from a plant, plant part, or plant tissue that has been treated with the polynucleotide
compositions (and optionally the nuclease). In embodiments, one or more one chemical, enzymatic,
or physical agent, separately or in combination with the polynucleotide composition, is
provided/applied at a location in the plant or plant part other than the plant location, part, or tissue
from which the plant cell or plant protoplast is obtained or isolated. In embodiments, the
polynucleotide composition is applied to adjacent or distal cells or tissues and is transported (e. g.,
through the vascular system or by cell-to-cell movement) to the meristem from which plant cells or
plant protoplasts are subsequently isolated. In embodiments, a gRNA-containing composition is
applied by soaking a seed or seed fragment or zygotic or somatic embryo in the gRNA -containing
composition, whereby the gRNA is delivered to the seed or seed fragment or zygotic or somatic
embryo from which plant cells or plant protoplasts are subsequently isolated. In embodiments, a
flower bud or shoot tip is contacted with a gRNA-containing composition, whereby the gRNA is
delivered to cells in the flower bud or shoot tip from which plant cells or plant protoplasts are
subsequently isolated. In embodiments, a gRNA-containing composition is applied to the surface of a
plant or of a part of a plant (e. g., a leaf surface), whereby the gRNA is delivered to tissues of the
plant from which plant cells or plant protoplasts are subsequently isolated. In embodiments a whole
plant or plant tissue is subjected to particle- or nanoparticle-mediated delivery (e. g., Biolistics or
carbon nanotube or nanoparticle delivery) of a gRNA-containing composition, whereby the gRNA is
delivered to cells or tissues from which plant cells or plant protoplasts are subsequently isolated.

Methods of modulating expression of a sequence of interest in a genome

[0084] In one aspect, the invention provides a method of changing expression of a sequence of
interest in a genome, including integrating a sequence encoded by a polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule at the site of at least one double-strand break (DSB) in a genome.
The method permits site-specific integration of heterologous sequence at the site of at least one DSB,
and thus at one or more locations in a genome, such as a genome of a plant cell. In embodiments, the
genome is that of a nucleus, mitochondrion, or plastid in a plant cell.

[0085] By “integration of heterologous sequence” is meant integration or insertion of one or
more nucleotides, resulting in a sequence (including the inserted nucleotide(s) as well as at least some
adjacent nucleotides of the genomic sequence flanking the site of insertion at the DSB) that is
heterologous, i. e., would not otherwise or does not normally occur at the site of insertion. The term
“heterologous™ is also used to refer to a given sequence in relationship to another - e. g., the sequence

of the polynucleotide donor molecule, in addition to lacking sufficient homology or complementarity
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for the polynucleotide donor to bind to the genomic sequences immediately flanking the DSB, is
heterologous to the sequence at the site of the DSB wherein the polynucleotide is integrated. Thus, in
embodiments, the sequence of a polynucleotide donor molecule is both heterologous to, and non-
homologous to, the DSB locus in the genome.

[0086] The at least one DSB is introduced into the genome by any suitable technique; in
embodiments one or more DSBs is introduced into the genome in a site- or sequence-specific manner,
for example, by use of at least one of the group of DSB-inducing agents consisting of: (a) a nuclease
capable of effecting site-specific alteration of a target nucleotide sequence, selected from the group
consisting of an RNA-guided nuclease, an RNA-guided DNA endonuclease, a type II Cas nuclease, a
Cas9, atype V Cas nuclease, a Cpfl, a CasY, a CasX, a C2¢1, a C2c3, an engineered nuclease, a
codon-optimized nuclease, a zinc-finger nuclease (ZFN), a transcription activator-like effector
nuclease (TAL-effector nuclease), an Argonaute, and a meganuclease or engineered meganuclease;
(b) a polynucleotide encoding one or more nucleases capable of effecting site-specific alteration (such
as introduction of a DSB) of a target nucleotide sequence; and (¢) a guide RNA (gRNA) for an RNA-
guided nuclease, or a DNA encoding a gRNA for an RNA-guided nuclease. In embodiments, one or
more DSBs is introduced into the genome by use of both a guide RNA (gRNA) and the corresponding
RNA-guided nuclease. In an example, one or more DSBs is introduced into the genome by use of a
ribonucleoprotein (RNP) that includes both a gRNA (e. g., a single-guide RNA or sgRNA that
includes both a crRNA and a tracrRNA) and a Cas9. It is generally desirable that the sequence
encoded by the polynucleotide donor molecule is integrated at the site of the DSB at high efficiency.
One measure of efficiency is the percentage or fraction of the population of cells that have been
treated with a DSB-inducing agent and polynucleotide donor molecule, and in which a sequence
encoded by the polynucleotide donor molecule is successfully introduced at the DSB correctly located
in the genome. The efficiency of genome editing including integration of a sequence encoded by a
polynucleotide donor molecule at a DSB in the genome is assessed by any suitable method such as a
heteroduplex cleavage assay or by sequencing, as described elsewhere in this disclosure. In various
embodiments, the DSB is induced in the correct location in the genome at a comparatively high
efficiency, e. g., at about 10, about 15, about 20, about 30, about 40, about 50, about 60, about 70, or
about 80 percent efficiency, or at greater than 80, 85, 90, or 95 percent efficiency (measured as the
percentage of the total population of cells in which the DSB is induced at the correct location in the
genome). In various embodiments, a sequence encoded by the polynucleotide donor molecule is
integrated at the site of the DSB at a comparatively high efficiency, e. g., at about 10, about 15, about
20, about 30, about 40, about 50, about 60, about 70, or about 80 percent efficiency, or at greater than
80, 85, 90, or 95 percent efficiency (measured as the percentage of the total population of cells in
which the polynucleotide molecule is integrated at the site of the DSB in the correct location in the

genome).
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[0087] Apart from the CRISPR-type nucleases, other nucleases capable of effecting site-specific
alteration of a target nucleotide sequence include zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TAL-effector nucleases or TALENS), Argonaute proteins, and a
meganuclease or engineered meganuclease. Zinc finger nucleases (ZFNs) are engineered proteins
comprising a zinc finger DNA-binding domain fused to a nucleic acid cleavage domain, e. g., a
nuclease. The zinc finger binding domains provide specificity and can be engineered to specifically
recognize any desired target DNA sequence. For a review of the construction and use of ZFNs in
plants and other organisms, see, e. g., Umov ef al. (2010) Nature Rev. Genet., 11:636 — 646. The zinc
finger DNA binding domains are derived from the DNA-binding domain of a large class of eukaryotic
transcription factors called zinc finger proteins (ZFPs). The DNA-binding domain of ZFPs typically
contains a tandem array of at least three zinc “fingers” each recognizing a specific triplet of DNA. A
number of strategies can be used to design the binding specificity of the zinc finger binding domain.
One approach, termed “modular assembly”, relies on the functional autonomy of individual zinc
fingers with DNA. In this approach, a given sequence is targeted by identifying zinc fingers for each
component triplet in the sequence and linking them into a multifinger peptide. Several alternative
strategies for designing zinc finger DNA binding domains have also been developed. These methods
are designed to accommodate the ability of zinc fingers to contact neighboring fingers as well as
nucleotides bases outside their target triplet. Typically, the engineered zinc finger DNA binding
domain has a novel binding specificity, compared to a naturally-occurring zinc finger protein.
Modification methods include, for example, rational design and various types of selection. Rational
design includes, for example, the use of databases of triplet (or quadruplet) nucleotide sequences and
individual zinc finger amino acid sequences, in which each triplet or quadruplet nucleotide sequence
is associated with one or more amino acid sequences of zinc fingers which bind the particular triplet
or quadruplet sequence. See, e. g., U. S. Patents 6,453,242 and 6,534,261, both incorporated herein
by reference in their entirety. Exemplary selection methods (e. g., phage display and yeast two-hybrid
systems) are well known and described in the literature. In addition, enhancement of binding
specificity for zinc finger binding domains has been described in U. S. Patent 6,794,136, incorporated
herein by reference in its entirety. In addition, individual zinc finger domains may be linked together
using any suitable linker sequences. Examples of linker sequences are publicly known, e. g., see U. S.
Patents 6,479,626; 6,903,185; and 7,153,949, incorporated herein by reference in their entirety. The
nucleic acid cleavage domain is non-specific and is typically a restriction endonuclease, such as Fokl.
This endonuclease must dimerize to cleave DNA. Thus, cleavage by Fokl as part of a ZFN requires
two adjacent and independent binding events, which must occur in both the correct orientation and
with appropriate spacing to permit dimer formation. The requirement for two DNA binding events
enables more specific targeting of long and potentially unique recognition sites. Fokl variants with

enhanced activities have been described; see, e. g., Guo er al. (2010) J. Mol. Biol., 400:96 - 107.
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[0088] Transcription activator like effectors (TALEs) are proteins secreted by certain
Xanthomonas species to modulate gene expression in host plants and to facilitate the colonization by
and survival of the bacterium. TALEs act as transcription factors and modulate expression of
resistance genes in the plants. Recent studies of TALEs have revealed the code linking the repetitive
region of TALEs with their target DNA-binding sites. TALEs comprise a highly conserved and
repetitive region consisting of tandem repeats of mostly 33 or 34 amino acid segments. The repeat
monomers differ from each other mainly at amino acid positions 12 and 13. A strong correlation
between unique pairs of amino acids at positions 12 and 13 and the corresponding nucleotide in the
TALE-binding site has been found. The simple relationship between amino acid sequence and DNA
recognition of the TALE binding domain allows for the design of DNA binding domains of any
desired specificity. TALEs can be linked to a non-specific DNA cleavage domain to prepare genome
editing proteins, referred to as TAL-effector nucleases or TALENs. As in the case of ZFNs, a
restriction endonuclease, such as Fokl, can be conveniently used. For a description of the use of
TALENS in plants, see Mahfouz ef al. (2011) Proc. Natl. Acad. Sci. USA, 108:2623 — 2628 and
Mahfouz (2011) GM Crops, 2:99 — 103.

[0089] Argonauts are proteins that can function as sequence-specific endonucleases by binding a
polynucleotide (e. g., a single-stranded DNA or single-stranded RNA) that includes sequence
complementary to a target nucleotide sequence) that guides the Argonaut to the target nucleotide
sequence and effects site-specific alteration of the target nucleotide sequence; see, e. g, U. S. Patent
Application Publication 2015/0089681, incorporated herein by reference in its entirety.

[0090] Another method of effecting targeted changes to a genome is the use of triplex-forming
pepide nucleic acids (PNAs) designed to bind site-specifically to genomic DNA via strand invasion
and the formation of PNA/DNA/PNA triplexes (via both Watson—Crick and Hoogsteen binding) with
a displaced DNA strand. PNAs consist of a charge neutral peptide-like backbone and nucleobases.
The nucleobases hybridize to DNA with high affinity. The triplexes then recruit the cell’s endogenous
DNA repair systems to initiate site-specific modification of the genome. The desired sequence
modification is provided by single-stranded ‘donor DNAs” which are co-delivered as templates for
repair. See, e. g., Bahal R et al (2016) Nature Communications, Oct 26, 2016.

[0091] In related embodiments, zinc finger nucleases, TALENSs, and Argonautes are used in
conjunction with other functional domains. For example, the nuclease activity of these nucleic acid
targeting systems can be altered so that the enzyme binds to but does not cleave the DNA. Examples
of functional domains include transposase domains, integrase domains, recombinase domains,
resolvase domains, invertase domains, protease domains, DNA methyltransferase domains, DNA
hydroxylmethylase domains, DNA demethylase domains, histone acetylase domains, histone
deacetylase domains, nuclease domains, repressor domains, activator domains, nuclear-localization
signal domains, transcription-regulatory protein (or transcription complex recruiting) domains,

cellular uptake activity associated domains, nucleic acid binding domains, antibody presentation
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domains, histone modifying enzymes, recruiter of histone modifying enzymes; inhibitor of histone
modifying enzymes, histone methyltransferases, histone demethylases, histone kinases, histone
phosphatases, histone ribosylases, histone deribosylases, histone ubiquitinases, histone
deubiquitinases, histone biotinases and histone tail proteases. Non-limiting examples of functional
domains include a transcriptional activation domain, a transcription repression domain, and an SHH1,
SUVH2, or SUVHY polypeptide capable of reducing expression of a target nucleotide sequence via
epigenetic modification; see, e. g., U. S. Patent Application Publication 2016/0017348, incorporated
herein by reference in its entirety. Genomic DNA may also be modified via base editing using a
fusion between a catalytically inactive Cas9 (dCas9) is fused to a cytidine deaminase which convert
cytosine (C) to uridine (U), thereby effecting a C to T substitution; see Komor ef al. (2016) Nature,
533:420 — 424,

[0092] In embodiments, the guide RNA (gRNA) has a sequence of between 16 — 24 nucleotides
in length (e. g., 16, 17, 18, 19, 20, 21, 22, 23, or 24 nucleotides in length). Specific embodiments
include gRNAs of 19, 20, or 21 nucleotides in length and having 100% complementarity to the target
nucleotide sequence. In many embodiments the gRNA has exact complementarity (i. e., perfect base-
pairing) to the target nucleotide sequence; in certain other embodiments the gRNA has less than 100%
complementarity to the target nucleotide sequence. The design of effective gRNAs for use in plant
genome editing is disclosed in U. S. Patent Application Publication 2015/0082478 A1, the entire
specification of which is incorporated herein by reference. In embodiments where multiple gRNAs
are employed, the multiple gRNAs can be delivered separately (as separate RNA molecules or
encoded by separate DNA molecules) or in combination, e. g., as an RNA molecule containing
multiple gRNA sequences, or as a DNA molecule encoding an RNA molecule containing multiple
gRNA sequences; see, for example, U. S. Patent Application Publication 2016/0264981 A1, the entire
specification of which is incorporated herein by reference, which discloses RNA molecules including
multiple RNA sequences (such as gRNA sequences) separated by tRNA cleavage sequences. In other
embodiments, a DNA molecule encodes multiple gRNAs which are separated by other types of
cleavable transcript, for example, small RNA (e. g., miRNA, siRNA, or ta-siRNA) recognition sites
which can be cleaved by the corresponding small RNA, or dsRNA-forming regions which can be
cleaved by a Dicer-type ribonuclease, or sequences which are recognized by RNA nucleases such as
Cys4 ribonuclease from Pseudomonas aeruginosa; see, e. g., U. S. Patent 7,816,581, the entire
specification of which is incorporated herein by reference, which discloses in Figure 27 and elsewhere
in the specification pol Il promoter-driven DNA constructs encoding RNA transcripts that are released
by cleavage. Efficient Cas9-mediated gene editing has been achieved using a chimeric “single guide
RNA” (*sgRNA”), an engineered (synthetic) single RNA molecule that mimics a naturally occurring
crRNA-tracrRNA complex and contains both a tracrRNA (for binding the nuclease) and at least one
crRNA (to guide the nuclease to the sequence targeted for editing). In other embodiments, self-

cleaving ribozyme sequences can be used to separate multiple gRNA sequences within a transcript.
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[0093] Thus, in certain embodiments wherein the nuclease is a Cas9-type nuclease, the gRNA
can be provided as a polynucleotide composition including: (a) a CRISPR RNA (crRNA) that
includes the gRNA together with a separate tracrRNA, or (b) at least one polynucleotide that encodes
a crRNA and a tracrRNA (on a single polynucleotide or on separate polynucleotides), or (¢) at least
one polynucleotide that is processed into one or more crRNAs and a tracrRNA. In other embodiments
wherein the nuclease is a Cas9-type nuclease, the gRNA can be provided as a polynucleotide
composition including a CRISPR RNA (crRNA) that includes the gRNA, and the required tracrRNA
is provided in a separate composition or in a separate step, or is otherwise provided to the cell (for
example, to a plant cell or plant protoplast that stably or transiently expresses the tracrRNA from a
polynucleotide encoding the tractrRNA). In other embodiments wherein the nuclease is a Cas9-type
nuclease, the gRNA can be provided as a polynucleotide composition comprising: (a) a single guide
RNA (sgRNA) that includes the gRNA, or (b) a polynucleotide that encodes a sgRNA, or (¢) a
polynucleotide that is processed into a sgRNA. Cpfl-mediated gene editing does not require a
tracrRNA; thus, in embodiments wherein the nuclease is a Cpfl-type nuclease, the gRNA is provided
as a polynucleotide composition comprising (a) a CRISPR RNA (crRNA) that includes the gRNA, or
(b) a polynucleotide that encodes a crRNA, or (¢) a polynucleotide that is processed into a crRNA. In
embodiments, the gRNA-containing composition optionally includes an RNA-guided nuclease, or a
polynucleotide that encodes the RNA-guided nuclease. In other embodiments, an RNA-guided
nuclease or a polynucleotide that encodes the RNA-guided nuclease is provided in a separate step. In
some embodiments of the method, a gRNA is provided to a cell (e. g., a plant cell or plant protoplast)
that includes an RNA-guided nuclease or a polynucleotide that encodes an RNA-guided nuclease, e.
2., an RNA-guided nuclease selected from the group consisting of an RNA-guided DNA
endonuclease, a type Il Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a CasX, a C2c¢l,
a C2¢3, an engineered RNA-guided nuclease, and a codon-optimized RNA-guided nuclease; in an
example, the cell (e. g., a plant cell or plant protoplast) stably or transiently expresses the RNA-
guided nuclease. In embodiments, the polynucleotide that encodes the RNA-guided nuclease is, for
example, DNA that encodes the RNA-guided nuclease and is stably integrated in the genome of a
plant cell or plant protoplast, DNA or RNA that encodes the RNA-guided nuclease and is transiently
present in or introduced into a plant cell or plant protoplast; such DNA or RNA can be introduced, e.
g., by using a vector such as a plasmid or viral vector or as an mRNA, or as vector-less DNA or RNA
introduced directly into a plant cell or plant protoplast.

[0094] In embodiments that further include the step of providing to a cell (e. g., a plant cell or
plant protoplast) an RNA-guided nuclease or a polynucleotide that encodes the RNA-guided nuclease,
the RNA-guided nuclease is provided simultaneously with the gRNA-containing composition, or in a
separate step that precedes or follows the step of providing the gRNA-containing composition. In
embodiments, the gRNA-containing composition further includes an RNA-guided nuclease or a

polynucleotide that encodes the RNA-guided nuclease. In other embodiments, there is provided a
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separate composition that includes an RNA-guided nuclease or a polynucleotide that encodes the
RNA-guided nuclease. In embodiments, the RNA-guided nuclease is provided as a ribonucleoprotein
(RNP) complex, e. g., a preassembled RNP that includes the RNA-guided nuclease complexed with a
polynucleotide including the gRNA or encoding a gRNA, or a preassembled RNP that includes a
polynucleotide that encodes the RNA-guided nuclease (and optionally encodes the gRNA, or is
provided with a separate polynucleotide including the gRNA or encoding a gRNA), complexed with a
protein. In embodiments, the RNA-guided nuclease is a fusion protein, i. e., wherein the RNA-guided
nuclease (e. g., Cas9, Cpfl, CasY, CasX, C2¢1, or C2¢3) is covalently bound through a peptide bond
to a cell-penctrating peptide, a nuclear localization signal peptide, a chloroplast transit peptide, or a
mitochondrial targeting peptide; such fusion proteins are conveniently encoded in a single nucleotide
sequence, optionally including codons for linking amino acids. In embodiments, the RNA-guided
nuclease or a polynucleotide that encodes the RNA-guided nuclease is provided as a complex with a
cell-penetrating peptide or other transfecting agent. In embodiments, the RNA-guided nuclease or a
polynucleotide that encodes the RNA-guided nuclease is complexed with, or covalently or non-
covalently bound to, a further element, e. g., a carrier molecule, an antibody, an antigen, a viral
movement protein, a polymer, a detectable label (e. g., a moiety detectable by fluorescence,
radioactivity, or enzymatic or immunochemical reaction), a quantum dot, or a particulate or
nanoparticulate. In embodiments, the RNA-guided nuclease or a polynucleotide that encodes the
RNA-guided nuclease is provided in a solution, or is provided in a liposome, micelle, emulsion,
reverse emulsion, suspension, or other mixed-phase composition.

[0095] An RNA-guided nuclease can be provided to a cell (e. g., a plant cell or plant protoplast)
by any suitable technique. In embodiments, the RNA-guided nuclease is provided by directly
contacting a plant cell or plant protoplast with the RNA-guided nuclease or the polynucleotide that
encodes the RNA-guided nuclease. In embodiments, the RNA-guided nuclease is provided by
transporting the RNA-guided nuclease or a polynucleotide that encodes the RNA-guided nuclease into
a plant cell or plant protoplast using a chemical, enzymatic, or physical agent as provided in detail in
the paragraphs following the heading “Delivery Methods and Delivery Agents”. In embodiments, the
RNA-guided nuclease is provided by bacterially mediated (¢. g., Agrobacterium sp., Rhizobium sp.,
Sinorhizobium sp., Mesorhizobium sp., Bradyrhizobium sp., Azobacter sp., Phyllobacterium sp.)
transfection of a plant cell or plant protoplast with a polynucleotide encoding the RNA-guided
nuclease; see, e. g., Broothaerts ef al. (2005) Nature, 433:629 — 633. In an embodiment, the RNA-
guided nuclease is provided by transcription in a plant cell or plant protoplast of a DNA that encodes
the RNA-guided nuclease and is stably integrated in the genome of the plant cell or plant protoplast or
that is provided to the plant cell or plant protoplast in the form of a plasmid or expression vector (e. g.,
a viral vector) that encodes the RNA-guided nuclease (and optionally encodes one or more gRNAs,
crRNAs, or sgRNAs, or is optionally provided with a separate plasmid or vector that encodes one or

more gRNAs, crRNAs, or sgRNAs). In embodiments, the RNA-guided nuclease is provided to the
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plant cell or plant protoplast as a polynucleotide that encodes the RNA-guided nuclease, e. g., in the
form of an mRNA encoding the nuclease.

[0096] Where a polynucleotide is concerned (e. g., a crRNA that includes the gRNA together
with a separate tractRNA, or a crRNA and a tracrRNA encoded on a single polynucleotide or on
separate polynucleotides, or at least one polynucleotide that is processed into one or more crRNAs
and a tracrRNA, or a sgRNA that includes the gRNA, or a polynucleotide that encodes a sgRNA, ora
polynucleotide that is processed into a sgRNA, or a polynucleotide that encodes the RNA-guided
nuclease), embodiments of the polynucleotide include: (a) double-stranded RNA; (b) single-stranded
RNA; (¢) chemically modified RNA; (d) double-stranded DNA; (¢) single-stranded DNA; (f)
chemically modified DNA; or (g) a combination of (a) — (f). Where expression of a polynucleotide is
involved (e. g., expression of a crRNA from a DNA encoding the crRNA, or expression and
translation of a RNA-guided nuclease from a DNA encoding the nuclease), in some embodiments it is
sufficient that expression be transient, i. e., not necessarily permanent or stable in the cell. Certain
embodiments of the polynucleotide further include additional nucleotide sequences that provide useful
functionality; non-limiting examples of such additional nucleotide sequences include an aptamer or
riboswitch sequence, nucleotide sequence that provides secondary structure such as stem-loops or that
provides a sequence-specific site for an enzyme (e. g., a sequence-specific recombinase or
endonuclease site), T-DNA (e. g., DNA sequence encoding a gRNA, crRNA, tractRNA, or sgRNA is
enclosed between left and right T-DNA borders from Agrobacterium spp. or from other bacteria that
infect or induce tumours in plants), a DNA nuclear-targeting sequence, a regulatory sequence such as
a promoter sequence, and a transcript-stabilizing sequence. Certain embodiments of the
polynucleotide include those wherein the polynucleotide is complexed with, or covalently or non-
covalently bound to, a non-nucleic acid element, e. g., a carrier molecule, an antibody, an antigen, a
viral movement protein, a cell-penetrating or pore-forming peptide, a polymer, a detectable label, a
quantum dot, or a particulate or nanoparticulate.

[0097] In embodiments, the at least one DSB is introduced into the genome by at least one
treatment selected from the group consisting of: (a) bacterially mediated (e. g., Agrobacterium sp.,
Rhizobium sp., Sinorhizobium sp., Mesorhizobium sp., Bradyrhizobium sp., Azobacter sp.,
Phyllobacterium sp.) transfection with a DSB-inducing agent; (b) Biolistics or particle bombardment
with a DSB-inducing agent; (c) treatment with at least one chemical, enzymatic, or physical agent as
provided in detail in the paragraphs following the heading “Delivery Methods and Delivery Agents”™;
and (d) application of heat or cold, ultrasonication, centrifugation, positive or negative pressure, cell
wall or membrane disruption or deformation, or electroporation. It is generally desirable that
introduction of the at least one DSB into the genome (i. e., the “editing” of the genome) is achieved
with sufficient efficiency and accuracy to ensure practical utility. One measure of efficiency is the
percentage or fraction of the population of cells that have been treated with a DSB-inducing agent and

in which the DSB is successfully introduced at the correct site in the genome. The efficiency of
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genome editing is assessed by any suitable method such as a heteroduplex cleavage assay or by
sequencing, as described elsewhere in this disclosure. Accuracy is indicated by the absence of, or
minimal occurrence of, off-target introduction of a DSB (i. e., at other than the intended site in the
genome).

[0098] The location where the at least one DSB is inserted varies according to the desired result,
for example whether the intention is to simply disrupt expression of the sequence of interest, or to add
functionality (such as placing expression of the sequence of interest under inducible control). Thus,
the location of the DSB is not necessarily within or directly adjacent to the sequence of interest. In
embodiments, the at least one DSB in a genome is located: (a) within the sequence of interest, (b)
upstream of (i. e., 5” to) the sequence of interest, or (¢) downstream of (i. e., 3’ to) the sequence of
interest. In embodiments, a sequence encoded by the polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule, when integrated into the genome, is functionally or operably linked (e. g.,
linked in a manner that modifies the transcription or the translation of the sequence of interest or that
modifies the stability of a transcript including that of the sequence of interest) to the sequence of
interest. In embodiments, a sequence encoded by the polynucleotide donor molecule is integrated at a
location 5° to and operably linked to the sequence of interest, wherein the integration location is
selected to provide a specifically modulated (upregulated or downregulated) level of expression of the
sequence of interest. For example, a sequence encoded by the polynucleotide donor molecule is
integrated at a specific location in the promoter region of a protein-encoding gene that results in a
desired expression level of the protein; in an embodiment, the appropriate location is determined
empirically by integrating a sequence encoded by the polynucleotide donor molecule at about 50,
about 100, about 150, about 200, about 250, about 300, about 350, about 400, about 450, and about
500 nucleotides 5° to (upstream of) the start codon of the coding sequence, and observing the relative
expression levels of the protein for each integration location.

[0099] In embodiments, the donor polynucleotide sequence of interest includes coding (protein-
coding) sequence, non-coding (non-protein-coding) sequence, or a combination of coding and non-
coding sequence. Embodiments include a plant nuclear sequence, a plant plastid sequence, a plant
mitochondrial sequence, a sequence of a symbiont, pest, or pathogen of a plant, and combinations
thereof. Embodiments include exons, introns, regulatory sequences including promoters, other 5
clements and 3’ elements, and genomic loci encoding non-coding RNAs including long non-coding
RNAs (IncRNAs), microRNAs (miRNAs), and frans-acting siRNAs (ta-siRNAs). In embodiments,
multiple sequences are altered, for example, by delivery of multiple gRNAs to the plant cell or plant
protoplast; the multiple sequences can be part of the same gene (e. g., different locations in a single
coding region or in different exons or introns of a protein-coding gene) or different genes. In
embodiments, the sequence of an endogenous genomic locus is altered to delete, add, or modify a

functional non-coding sequence; in non-limiting examples, such functional non-coding sequences
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include, e. g., amiRNA, siRNA, or ta-siRNA recognition or cleavage site, a splice site, a recombinase
recognition site, a transcription factor binding site, or a transcriptional or translational enhancer or
repressor sequence.

[00100] In embodiments, the invention provides a method of changing expression of a sequence
of interest in a genome, including integrating a sequence encoded by a polynucleotide (such as a
double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-
stranded DNA/RNA hybrid) donor molecule at the site of two or more DSBs in a genome. In
embodiments, the sequence of the polynucleotide donor molecule that is integrated into each of the
two or more DSBs is (a) identical, or (b) different, for each of the DSBs. In embodiments, the change
in expression of a sequence of interest in genome is manifested as the expression of an altered or
edited sequence of interest; in non-limiting examples, the method is used to integrate sequence-
specific recombinase recognition site sequences at two DSBs in a genome, whereby, in the presence
of the corresponding site-specific DNA recombinase, the genomic sequence flanked on either side by
the integrated recombinase recognition sites is excised from the genome (or in some instances is
inverted); such an approach is useful, e. g., for deletion of larger lengths of genomic sequence, for
example, deletion of all or part of an exon or of one or more protein domains. In other embodiments,
at least two DSBs are introduced into a genome by one or more nucleases in such a way that genomic
sequence is deleted between the DSBs (leaving a deletion with blunt ends, overhangs or a
combination of a blunt end and an overhang), and a sequence encoded by at least one polynucleotide
donor molecule is integrated between the DSBs (i. e., a sequence encoded by at least one individual
polynucleotide donor molecule is integrated at the location of the deleted genomic sequence), wherein
the genomic sequence that is deleted is coding sequence, non-coding sequence, or a combination of
coding and non-coding sequence; such embodiments provide the advantage of not requiring a specific
PAM site at or very near the location of a region wherein a nucleotide sequence change is desired. In
an embodiment, at least two DSBs are introduced into a genome by one or more nucleases in such a
way that genomic sequence is deleted between the DSBs (Ieaving a deletion with blunt ends,
overhangs or a combination of a blunt end and an overhang), and at least one sequence encoded by a
polynucleotide donor molecule is integrated between the DSBs (i. e., at least one individual sequence
encoded by a polynucleotide donor molecule is integrated at the location of the deleted genomic
sequence). In an embodiment, two DSBs are introduced into a genome, resulting in excision or
deletion of genomic sequence between the sites of the two DSBs, and a sequence encoded by a
polynucleotide donor molecule integrated into the genome at the location of the deleted genomic
sequence (that is, a sequence encoded by an individual polynucleotide donor molecule is integrated
between the two DSBs). Generally, the polynucleotide donor molecule with the sequence to be
integrated into the genome is selected in terms of the presence or absence of terminal overhangs to
match the type of DSBs introduced. In an embodiment, two blunt-ended DSBs are introduced into a

genome, resulting in excision or deletion of genomic sequence between the sites of the two blunt-

44



WO 2018/140899 PCT/US2018/015793

ended DSBs, and a sequence encoded by a blunt-ended double-stranded DNA or blunt-ended double-
stranded DNA/RNA hybrid or a single-stranded DNA or a single-stranded DNA/RNA hybrid donor
molecule is integrated into the genome between the two blunt-ended DSBs. In another embodiment,
two DSBs are introduced into a genome, wherein the first DSB is blunt-ended and the second DSB
has an overhang, resulting in deletion of genomic sequence between the two DSBs, and a sequence
encoded by a double-stranded DNA or double-stranded DNA/RNA hybrid donor molecule that is
blunt-ended at one terminus and that has an overhang on the other terminus (or, alternatively, a single-
stranded DNA or a single-stranded DNA/RNA hybrid molecule) is integrated into the genome
between the two DSBs; in an alternative embodiment, two DSBs are introduced into a genome,
wherein both DSBs have overhangs but of different overhang lengths (different number of unpaired
nucleotides), resulting in deletion of genomic sequence between the two DSBs, and a sequence
encoded by a double-stranded DNA or double-stranded DNA/RNA hybrid donor molecule that has
overhangs at each terminus, wherein the overhangs are of unequal lengths (or, alternatively, a single-
stranded DNA or a single-stranded DNA/RNA hybrid donor molecule), is integrated into the genome
between the two DSBs; embodiments with such DSB asymmetry (i. e., a combination of DSBs having
a blunt end and an overhang, or a combination of DSBs having overhangs of unequal lengths) provide
the opportunity for controlling directionality or orientation of the inserted polynucleotide, e. g., by
selecting a double-stranded DNA or double-stranded DNA/RNA hybrid donor molecule having one
blunt end and one terminus with unpaired nucleotides, such that the polynucleotide is integrated
preferably in one orientations. In another embodiment, two DSBs, each having an overhang, are
introduced into a genome, resulting in excision or deletion of genomic sequence between the sites of
the two DSBs, and a sequence encoded by a double-stranded DNA or double-stranded DNA/RNA
hybrid donor molecule that has an overhang at each terminus (or, alternatively, a single-stranded
DNA or a single-stranded DNA/RNA hybrid donor molecule) is integrated into the genome between
the two DSBs. The length of genomic sequence that is deleted between two DSBs and the length of a
sequence encoded by the polynucleotide donor molecule that is integrated in place of the deleted
genomic sequence can be, but need not be equal. In embodiments, the distance between any two
DSBs (or the length of the genomic sequence that is to be deleted) is at least 10, at least 15, at least
20, at least 25, at least 30, at least 40, at least 50, at least 60, at least 70, at lecast 80, or at least 100
nucleotides; in other embodiments the distance between any two DSBs (or the length of the genomic
sequence that is to be deleted) is at least 100, at least 150, at least 200, at least 300, at least 400, at
least 500, at least 600, at least 750, or at least 1000 nucleotides. In embodiments where more than
two DSBs are introduced into genomic sequence, it is possible to effect different deletions of genomic
sequence (for example, where three DSBs are introduced, genomic sequence can be deleted between
the first and second DSBs, between the first and third DSBs, and between the second and third DSBs).
In some embodiments, a sequence encoded by more than one polynucleotide donor molecule (e. g.,

multiple copies of a sequence encoded by a polynucleotide donor molecule having a given sequence,
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or multiple sequences encoded by polynucleotide donor molecules with two or more different
sequences) is integrated into the genome. For example, different sequences encoded by individual
polynucleotide donor molecules can be individually integrated at a single locus where genomic
sequence has been deleted between two DSBs, or at multiple locations where genomic sequence has
been deleted (e. g, where more than two DSBs have been introduced into the genome). In
embodiments, at least one exon is replaced by integrating a sequence encoded by at least one
polynucleotide molecule where genomic sequence is deleted between DSBs that were introduced by
at least one sequence-specific nuclease into intronic sequence flanking the at least one exon; an
advantage of this approach over an otherwise similar method (i. e., differing by having the DSBs
introduced into coding sequence instead of intronic sequence) is the avoidance of inaccuracies
(nucleotide changes, deletions, or additions at the nuclease cleavage sites) in the resulting exon
sequence or messenger RNA.

[00101] In embodiments, the methods described herein are used to delete or replace genomic
sequence, which can be a relatively large sequence (e. g., all or part of at least one exon or of a protein
domain) resulting in the equivalent of an alternatively spliced transcript. Additional related aspects
include compositions and reaction mixtures including a plant cell or a plant protoplast and at least two
guide RNAs, wherein each guide RNA is designed to effect a DSB in intronic sequence flanking at
least one exon; such compositions and reaction mixtures optionally include at least one sequence-
specific nuclease capable of being guided by at least one of the guide RNAs to effect a DSB in
genomic sequence, and optionally include a polynucleotide donor molecule that is capable of being
integrated (or having its sequence integrated) into the genome at the location of at least one DSB or at
the location of genomic sequence that is deleted between the DSBs.

[00102] Donor Polynucleotide Molecules: Embodiments of the polynucleotide donor molecule

having a sequence that is integrated at the site of at least one double-strand break (DSB) in a genome
include double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, and a
double-stranded DNA/RNA hybrid. In embodiments, a polynucleotide donor molecule that is a
double-stranded (e. g., a dSDNA or dsDNA/RNA hybrid) molecule is provided directly to the plant
protoplast or plant cell in the form of a double-stranded DNA or a double-stranded DNA/RNA hybrid,
or as two single-stranded DNA (ssDNA) molecules that are capable of hybridizing to form dsDNA, or
as a single-stranded DNA molecule and a single-stranded RNA (ssRNA) molecule that are capable of
hybridizing to form a double-stranded DNA/RNA hybrid; that is to say, the double-stranded
polynucleotide molecule is not provided indirectly, for example, by expression in the cell of a dsDNA
encoded by a plasmid or other vector. In various non-limiting embodiments of the method, the
polynucleotide donor molecule that is integrated (or that has a sequence that is integrated) at the site
of at least one double-strand break (DSB) in a genome is double-stranded and blunt-ended; in other
embodiments the polynucleotide donor molecule is double-stranded and has an overhang or “sticky

end” consisting of unpaired nucleotides (e. g., 1, 2, 3, 4, 5, or 6 unpaired nucleotides) at one terminus
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or both termini. In an embodiment, the DSB in the genome has no unpaired nucleotides at the
cleavage site, and the polynucleotide donor molecule that is integrated (or that has a sequence that is
integrated) at the site of the DSB is a blunt-ended double-stranded DNA or blunt-ended double-
stranded DNA/RNA hybrid molecule, or alternatively is a single-stranded DNA or a single-stranded
DNA/RNA hybrid molecule. In another embodiment, the DSB in the genome has one or more
unpaired nucleotides at one or both sides of the cleavage site, and the polynucleotide donor molecule
that is integrated (or that has a sequence that is integrated) at the site of the DSB is a double-stranded
DNA or double-stranded DNA/RNA hybrid molecule with an overhang or “sticky end” consisting of
unpaired nucleotides at one or both termini, or alternatively is a single-stranded DNA or a single-
stranded DNA/RNA hybrid molecule; in embodiments, the polynucleotide donor molecule DSB is a
double-stranded DNA or double-stranded DNA/RNA hybrid molecule that includes an overhang at
ong or at both termini, wherein the overhang consists of the same number of unpaired nucleotides as
the number of unpaired nucleotides created at the site of a DSB by a nuclease that cuts in an off-set
fashion (e. g., where a Cpfl nuclease effects an off-set DSB with 5-nucleotide overhangs in the
genomic sequence, the polynucleotide donor molecule that is to be integrated (or that has a sequence
that is to be integrated) at the site of the DSB is double-stranded and has 5 unpaired nucleotides at one
or both termini). Generally, one or both termini of the polynucleotide donor molecule contain no
regions of sequence homology (identity or complementarity) to genomic regions flanking the DSB;
that is to say, one or both termini of the polynucleotide donor molecule contain no regions of
sequence that is sufficiently complementary to permit hybridization to genomic regions immediately
adjacent to the location of the DSB. In embodiments, the polynucleotide donor molecule contains no
homology to the locus of the DSB, that is to say, the polynucleotide donor molecule contains no
nucleotide sequence that is sufficiently complementary to permit hybridization to genomic regions
immediately adjacent to the location of the DSB. In an embodiment, the polynucleotide donor
molecule that is integrated at the site of at least one double-strand break (DSB) includes between 2 —
20 nucleotides in one (if single-stranded) or in both strands (if double-stranded), e. g., 2, 3,4, 5,6, 7,
8,9,10, 11,12, 13, 14, 15,16, 17, 18, 19, or 20 nucleotides on one or on both strands, each of which
can be base-paired to a nucleotide on the opposite strand (in the case of a perfectly base-paired
double-stranded polynucleotide molecule). In embodiments, the polynucleotide donor molecule is at
least partially double-stranded and includes 2 — 20 base-pairs, e. 2., 2,3,4,5,6,7,8,9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, or 20 base-pairs; in embodiments, the polynucleotide donor molecule is double-
stranded and blunt-ended and consists of 2 — 20 base-pairs, e. 2., 2, 3,4,5,6,7,8,9,10, 11, 12, 13,
14, 15, 16, 17, 18, 19, or 20 base-pairs; in other embodiments, the polynucleotide donor molecule is
double-stranded and includes 2 — 20 base-pairs, e. 2., 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, or 20 base-pairs and in addition has at least one overhang or “sticky end” consisting of at
least one additional, unpaired nucleotide at one or at both termini. Non-limiting examples of such

relatively small polynucleotide donor molecules of 20 or fewer base-pairs (if double-stranded) or 20
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or fewer nucleotides (if single-stranded) include polynucleotide donor molecules that have at least one
strand including a transcription factor recognition site sequence (e. g., such as the sequences of
transcription factor recognition sites provided in the working Examples), or that have at least one
strand including a small RNA recognition site, or that have at least one strand including a
recombinase recognition site. In an embodiment, the polynucleotide donor molecule that is integrated
(or that has a sequence that is integrated) at the site of at least one double-strand break (DSB) in a
genome is a blunt-ended double-stranded DNA or a blunt-ended double-stranded DNA/RNA hybrid
molecule of about 18 to about 300 base-pairs, or about 20 to about 200 base-pairs, or about 30 to
about 100 base-pairs, and having at least one phosphorothioate bond between adjacent nucleotides at a
57 end, 3’ end, or both 5" and 3’ ends. In embodiments, the polynucleotide donor molecule includes
single strands of at least 11, at least 18, at least 20, at least 30, at least 40, at least 60, at least 80, at
least 100, at least 120, at least 140, at least 160, at least 180, at least 200, at least 240, at about 280, or
at least 320 nucleotides. In embodiments, the polynucleotide donor molecule has a length of at least
2. at least 3, at least 4, at lecast 3, at least 6, at lcast 7, at least 8, at lecast 9, at least 10, or at least 11
base-pairs if double-stranded (or nucleotides if single-stranded), or between about 2 to about 320
base-pairs if double-stranded (or nucleotides if single-stranded), or between about 2 to about 500
base-pairs if double-stranded (or nucleotides if single-stranded), or between about 5 to about 500
base-pairs if double-stranded (or nucleotides if single-stranded), or between about 5 to about 300
base-pairs if double-stranded (or nucleotides if single-stranded), or between about 11 to about 300
base-pairs if double-stranded (or nucleotides if single-stranded), or about 18 to about 300 base-pairs if
double-stranded (or nucleotides if single-stranded), or between about 30 to about 100 base-pairs if
double-stranded (or nucleotides if single-stranded). In embodiments, the polynucleotide donor
molecule includes chemically modified nucleotides (see, e. g., the various modifications of
internucleotide linkages, bases, and sugars described in Verma and Eckstein (1998) Annu. Rev.
Biochem., 67:99-134); in embodiments, the naturally occurring phosphodiester backbone of the
polynucleotide donor molecule is partially or completely modified with phosphorothioate,
phosphorodithioate, or methylphosphonate internucleotide linkage modifications, or the
polynucleotide donor molecule includes modified nucleoside bases or modified sugars, or the
polynucleotide donor molecule is labelled with a fluorescent moiety (e. g., fluorescein or rhodamine
or a fluorescent nucleoside analogue) or other detectable label (e. g., biotin or an isotope). In an
embodiment, the polynucleotide donor molecule is double-stranded and perfectly base-paired through
all or most of its length, with the possible exception of any unpaired nucleotides at either terminus or
both termini. In another embodiment, the polynucleotide donor molecule is double-stranded and
includes one or more non-terminal mismatches or non-terminal unpaired nucleotides within the
otherwise double-stranded duplex. In another embodiment, the polynucleotide donor molecule
contains secondary structure that provides stability or acts as an aptamer. Other related embodiments

include double-stranded DNA/RNA hybrid molecules, single-stranded DNA/RNA hybrid donor
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molecules, and single-stranded DNA donor molecules (including single-stranded, chemically
modified DNA donor molecules), which in analogous procedures are integrated (or have a sequence
that is integrated) at the site of a double-strand break.
[00103] In embodiments of the method, the polynucleotide (such as a double-stranded DNA, a
single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
donor molecule that is integrated at the site of at least one double-strand break (DSB) in a genome
includes nucleotide sequence(s) on one or on both strands that provide a desired functionality when
the polynucleotide is integrated into the genome. In various non-limiting embodiments of the method,
the sequence encoded by a donor polynucleotide that is inserted at the site of at least one double-
strand break (DSB) in a genome includes at least one sequence selected from the group consisting of:

(a) DNA encoding at least one stop codon, or at least one stop codon on each strand, or at
least one stop codon within each reading frame on each strand;

(b) DNA encoding heterologous primer sequence (e. g., a sequence of about 18 to about
22 contiguous nucleotides, or of at least 18 contiguous nucleotides, that can be used to initiate DNA
polymerase activity at the site of the DSB);

©) DNA encoding a unique identifier sequence (e. g., a sequence that when inserted at
the DSB creates a heterologous sequence that can be used to identify the presence of the insertion);

(d) DNA encoding a transcript-stabilizing sequence;

©) DNA encoding a transcript-destabilizing sequence;

® a DNA aptamer or DNA encoding an RNA aptamer or amino acid aptamer; and

(2) DNA that includes or encodes a sequence recognizable by a specific binding agent.
[0100] In an embodiment, the sequence encoded by the polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule that is integrated at the site of at least one double-strand break
(DSB) in a genome includes DNA encoding at least one stop codon, or at least one stop codon on
cach strand, or at least one stop codon within each reading frame on each strand. Such sequence
encoded by a polynucleotide donor molecule, when integrated at a DSB in a genome can be useful for
disrupting the expression of a sequence of interest, such as a protein-coding gene. An example of
such a polynucleotide donor molecule is a double-stranded DNA, a single-stranded DNA, a single-
stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid donor molecule, of at least 18
contiguous base-pairs if double-stranded or at least 11 contiguous nucleotides if single-stranded, and
encoding at least one stop codon in each possible reading frame on either strand. Another example of
such a polynucleotide donor molecule is a double-stranded DNA or double-stranded DNA/RNA
hybrid donor molecule wherein each strand includes at least 18 and fewer than 200 contiguous base-
pairs, wherein the number of base-pairs is not divisible by 3, and wherein each strand encodes at least
ong stop codon in each possible reading frame in the 5° to 3” direction. Another example of such a

polynucleotide donor molecule is a single-stranded DNA or single-stranded DNA/RNA hybrid donor
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molecule wherein each strand includes at least 11 and fewer than about 300 contiguous nucleotides,
wherein the number of base-pairs is not divisible by 3, and wherein the polynucleotide donor
molecule encodes at least one stop codon in each possible reading frame in the 5 to 37 direction.
[0101] In an embodiment, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated)at the site of at least one double-strand
break (DSB) in a genome includes DNA encoding heterologous primer sequence (e. g., a sequence of
about 18 to about 22 contiguous nucleotides, or of at least 18, at least 20, or at least 22 contiguous
nucleotides that can be used to initiate DNA polymerase activity at the site of the DSB).
Heterologous primer sequence can further include nucleotides of the genomic sequence directly
flanking the site of the DSB.

[0102] In an embodiment, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes nucleotides encoding a unique identifier sequence (e. g., a
sequence that when inserted at the DSB creates a heterologous sequence that can be used to identify
the presence of the insertion)

[0103] In an embodiment, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes nucleotides encoding a transcript-stabilizing sequence. In an
example, sequence of a double-stranded or single-stranded DNA or a DNA/RNA hybrid donor
molecule encoding a 5° terminal RNA-stabilizing stem—loop (see, e. g., Suay (2005) Nucleic Acids
Rev., 33:4754 — 4761) is integrated at a DSB located 5 to the sequence for which improved transcript
stability is desired. In another embodiment, the polynucleotide donor molecule that is integrated (or
that has a sequence that is integrated) at the site of at least one double-strand break (DSB) in a
genome includes nucleotides encoding a transcript-destabilizing sequence such as the SAUR
destabilizing sequences described in detail in U. S. Patent Application Publication 2007/0011761,
incorporated herein by reference.

[0104] In an embodiment, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes a DNA aptamer or DNA encoding an RNA aptamer or amino acid
aptamer. Nucleic acid (DNA or RNA) aptamers are single- or double-stranded nucleotides that bind
specifically to molecules or ligands which include small molecules (e. g., secondary metabolites such
as alkaloids, terpenes, flavonoids, and other small molecules, as well as larger molecules such as

polyketides and non-ribosomal proteins), proteins, other nucleic acid molecules, and inorganic
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compounds. Introducing an aptamer at a specific location in the genome is useful, e. g., for adding
binding specificity to an enzyme or for placing expression of a transcript or activity of an encoded
protein under ligand-specific control. In an example, the polynucleotide donor molecule encodes a
poly-histidine “tag” which is integrated at a DSB downstream of a protein or protein subunit, enabling
the protein expressed from the resulting transcript to be purified by affinity to nickel, e. g., on nickel
resins; in an embodiments, the polynucleotide donor molecule encodes a 6x-His tag, a 10x-His tag, or
a 10x-His tag including one or more stop codons following the histidine-encoding codons, where the
last is particularly useful when integrated downstream of a protein or protein subunit lacking a stop
codon (see, e. g., parts|dot]igem|dot]org/Part: BBa K844000). In embodiments, the polynucleotide
donor molecule encodes a riboswitch, wherein the riboswitch includes both an aptamer which changes
its conformation in the presence or absence of a specific ligand, and an expression-controlling region
that turns expression on or off, depending on the conformation of the aptamer. See, for example, the
regulatory RNA molecules containing ligand-specific aptamers described in U. S. Patent Application
Publication 2013/0102651 and the various riboswitches described in U. S. Patent Application
Publication 2005/0053951, both of which publications are incorporated herein by reference.

[0105] In an embodiment, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes nucleotides that include or encode a sequence recognizable by (i.
e., binds to) a specific binding agent. Non-limiting embodiments of specific binding agents include
nucleic acids, peptides or proteins, non-peptide/non-nucleic acid ligands, inorganic molecules, and
combinations thereof; specific binding agents also include macromolecular assemblages such as lipid
bilayers, cell components or organelles, and even intact cells or organisms. In embodiments, the
specific binding agent is an aptamer or riboswitch, or alternatively is recognized by an aptamer or a
riboswitch. In an embodiment, the invention provides a method of changing expression of a sequence
of interest in a genome, comprising integrating a polynucleotide molecule at the site of aDSB in a
genome, wherein the polynucleotide donor molecule includes a sequence recognizable by a specific
binding agent, wherein the integrated sequence encoded by the polynucleotide donor molecule is
functionally or operably linked to a sequence of interest, and wherein contacting the integrated
sequence encoded by the polynucleotide donor molecule with the specific binding agent results in a
change of expression of the sequence of interest; in embodiments, sequences encoded by different
polynucleotide donor molecules are integrated at multiple DSBs in a genome.

[0106] In an embodiment, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes nucleotides that include or encode a sequence recognizable by (i.

e., binds to) a specific binding agent, wherein:
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(a) the sequence recognizable by a specific binding agent includes an auxin response
element (AuxRE) sequence, the specific binding agent is an auxin, and the change of expression is
upregulation; see, e. g., Walker and Estelle (1998) Curr. Opinion Plant Biol., 1:434 — 439,

(b) the sequence recognizable by a specific binding agent includes at least one D1-4
sequence (CCTCGTGTCTC, SEQ ID NO:328; see Ulmasov et al. (1997) Plant Cell, 9:1963 — 1971),
the specific binding agent is an auxin, and the change of expression is upregulation;

©) the sequence recognizable by a specific binding agent includes at least one DRS
sequence (CCTTTTGTCTC, SEQ ID NO:329; see Ulmasov ef al. (1997) Plant Cell, 9:1963 — 1971),
the specific binding agent is an auxin, and the change of expression is upregulation;

(d) the sequence recognizable by a specific binding agent includes at least one m5-DR5
sequence (CCTTTTGTCNC, wherein N is A, C, or G, SEQ ID NO:330; see Ulmasov ef al. (1997)
Plant Cell, 9:1963 — 1971), the specific binding agent is an auxin, and the change of expression is
upregulation;

©) the sequence recognizable by a specific binding agent includes at least one P3
sequence (TGTCTC, SEQ ID NO:331), the specific binding agent is an auxin, and the change of
expression is upregulation;

® the sequence recognizable by a specific binding agent includes a small RNA
recognition site sequence, the specific binding agent is the corresponding small RNA (e. g., an
siRNA, a microRNA (miRNA), a trans-acting siRNA as described in U. S. Patent 8,030,473, or a
phased sRNA as described in U. S. Patent 8,404,928; both of these cited patents are incorporated by
reference herein), and the change of expression is downregulation (non-limiting examples are given
below, under the heading “Small RNAs™);

(2) the sequence recognizable by a specific binding agent includes a microRNA
(miRNA) recognition site sequence, the specific binding agent is the corresponding mature miRNA,
and the change of expression is downregulation (non-limiting examples are given below, under the
heading “Small RNAs”);

(h) the sequence recognizable by a specific binding agent includes a microRNA
(miRNA) recognition sequence for an engineered miRNA, the specific binding agent is the
corresponding engineered mature miRNA, and the change of expression is downregulation;

1 the sequence recognizable by a specific binding agent includes a transposon
recognition sequence, the specific binding agent is the corresponding transposon, and the change of
expression is upregulation or downregulation;

1)) the sequence recognizable by a specific binding agent includes an ethylene-
responsive element binding-factor-associated amphiphilic repression (EAR) motif (LxLxL, SEQ ID
NO:332 or DLNxxP, SEQ ID NO:333) sequence (see, e. g., Ragale and Rozwadowski (2011)
Epigenetics, 6:141 — 146), the specific binding agent is ERF (ethylene-responsive element binding
factor) or co-repressor (¢. g., TOPLESS (TPL)), and the change of expression is downregulation;
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(k) the sequence recognizable by a specific binding agent includes a splice site sequence
(e. g., a donor site, a branching site, or an acceptor site; see, for example, the splice sites and splicing
signals publicly available at the ERIS database,
lemur[dot]amu|dot]edu[dot]pl/share/ERISdb/home.html), the specific binding agent is a spliceosome,
and the change of expression is expression of an alternatively spliced transcript (in some cases, this
can include deletion of a relatively large genomic sequence, such as deletion of all or part of an exon
or of a protein domain);

O the sequence recognizable by a specific binding agent includes a recombinase
recognition site sequence that is recognized by a site-specific recombinase, the specific binding agent
is the corresponding site-specific recombinase, and the change of expression is upregulation or
downregulation or expression of a transcript having an altered sequence (for example, expression of a
transcript that has had a region of DNA excised by the recombinase) (non-limiting examples are given
below, under the heading “Recombinases and Recombinase Recognition Sites™);

(m) the sequence recognizable by a specific binding agent includes sequence encoding an
RNA or amino acid aptamer or an RNA riboswitch, the specific binding agent is the corresponding
ligand, and the change in expression is upregulation or downregulation;

(n) the sequence recognizable by a specific binding agent is a hormone responsive
clement (e. g., a nuclear receptor, or a hormone-binding domain thereof), the specific binding agent is
a hormone, and the change in expression is upregulation or downregulation;

(0) the sequence recognizable by a specific binding agent is a transcription factor binding
sequence, the specific binding agent is the corresponding transcription factor, and the change in
expression is upregulation or downregulation (non-limiting examples are given below, under the
heading “Transcription Factors™); or

() the sequence recognizable by a specific binding agent is a polycomb response
element, and the change in expression is polycomb repressive complex 2- (PRC2-)mediated silencing
of a target gene (see Xiao ef al. (2017) Nature Genetics, 49:1546 — 1552, doi: 10.1038/ng.3937).
[0107] In embodiments, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes a nucleotide sequence that encodes an RNA molecule or an amino
acid sequence that is recognizable by a specific binding agent. In embodiments, the polynucleotide
donor molecule includes a nucleotide sequence that binds specifically to a ligand or that encodes an
RNA molecule or an amino acid sequence that binds specifically to a ligand. In embodiments, the
polynucleotide donor molecule encodes at least one stop codon on each strand, or encodes at least one
stop codon within each reading frame on each strand.

[0108] In embodiments, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
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includes at least partially self-complementary sequence, such that the polynucleotide donor molecule
encodes a transcript that is capable of forming at least partially double-stranded RNA. In
embodiments, the at least partially double-stranded RNA is capable of forming secondary structure
containing at least one stem-loop (i. e., a substantially or perfectly double-stranded RNA “stem”
region and a single-stranded RNA “loop” connecting opposite strands of the dsRNA stem. In
embodiments, the at least partially double-stranded RNA is cleavable by a Dicer or other
ribonuclease. In embodiments, the at least partially double-stranded RNA includes an aptamer or a
riboswitch; see, e. g., the RNA aptamers described in U. S. Patent Application Publication
2013/0102651, which is incorporated herein by reference.

[0109] In embodiments, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated (or that has a sequence that is integrated) at the site of at least one double-strand
break (DSB) in a genome includes or encodes a nucleotide sequence that is responsive to a specific
change in the physical environment (e. g., a change in light intensity or quality, a change in
temperature, a change in pressure, a change in osmotic concentration, a change in day length, or
addition or removal of a ligand or specific binding agent), wherein exposing the integrated
polynucleotide sequence to the specific change in the physical environment results in a change of
expression of the sequence of interest. In embodiments, the polynucleotide donor molecule includes a
nucleotide sequence encoding an RNA molecule or an amino acid sequence that is responsive to a
specific change in the physical environment. In a non-limiting example, the polynucleotide donor
molecule encodes an amino acid sequence that is responsive to light, oxygen, redox status, or voltage,
such as a Light-Oxygen-Voltage (LOV) domain (see, e. g., Peter ef al. (2010) Nature
Communications, doi:10.1038/mcomms1121) or a PAS domain (see, e. g., Taylor and Zhulin (1999)
Microbiol. Mol. Biol. Reviews, 63:479 — 506), proteins containing such domains, or sub-domains or
motifs thereof (see, e. g., the photochemically active 36-residue N-terminal truncation of the VVD
protein described by Zoltowski ef al. (2007) Science, 316:1054 — 1057). In a non-limiting
embodiment, integration of a LOV domain at the site of a DSB within or adjacent to a protein-coding
region is used to create a heterologous fusion protein that can be photo-activated.

[0110] Small RNAs: In an embodiment, the polynucleotide (such as a double-stranded DNA, a
single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
donor molecule that is integrated (or that has a sequence that is integrated) at the site of at least one
double-strand break (DSB) in a genome includes DNA that includes or encodes a small RNA
recognition site sequence that is recognized by a corresponding mature small RNA. Small RNAs
include siRNAs, microRNAs (miRNAs), frans-acting siRNAs (ta-siRNAs) as described in U. S.
Patent 8,030,473, and phased small RNAs (phased sRNAs) as described in U. S. Patent 8,404,928,
All mature small RNAs are single-stranded RNA molecules, generally between about 18 to about 26

nucleotides in length, which are produced from longer, completely or substantially double-stranded
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RNA (dsRNA) precursors. For example, siRNAs are generally processed from perfectly or near-
perfectly double-stranded RNA precursors, whereas both miRNAs and phased sRNAs are processed
from larger precursors that contain at least some mismatched (non-base-paired) nucleotides and often
substantial secondary structure such as loops and bulges in the otherwise largely double-stranded
RNA precursor. Precursor molecules include naturally occurring precursors, which are often
expressed in a specific (e. g., cell- or tissue-specific, temporally specific, developmentally specific, or
inducible) expression pattern. Precursor molecules also include engineered precursor molecules,
designed to produce small RNAs (e. g., artificial or engineered siRNAs or miRNAs) that target
specific sequences; see, e. g., U. S. Patents 7,691,995 and 7,786,350, which are incorporated herein by
reference in their entirety. Thus, in embodiments, the polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule that is integrated (or that has a sequence that is integrated) at the site of at
least one double-strand break (DSB) in a genome includes DNA that includes or encodes a small
RNA precursor sequence designed to be processed in vivo to at least one corresponding mature small
RNA. In embodiments, the polynucleotide donor molecule that is integrated (or that has a sequence
that is integrated) at the site of at least one double-strand break (DSB) in a genome includes DNA that
includes or encodes an engineered small RNA precursor sequence that is based on a naturally
occurring “scaffold” precursor sequence but wherein the nucleotides of the encoded mature small
RNA are designed to target a specific gene of interest that is different from the gene targetted by the
natively encoded small RNA; in embodiments, the “scaffold” precursor sequence is one identified
from the genome of a plant or a pest or pathogen of a plant; see, e. g., U. S. Patent 8,410,334, which
discloses transgenic expression of engineered invertebrate miRNA precursors in a plant, and which is
incorporated herein by reference in its entirety.

[0111] Regardless of the pathway that generates the mature small RNA, the mechanism of action
is generally similar; the mature small RNA binds in a sequence-specific manner to a small RNA
recognition site located on an RNA molecule (such as a transcript or messenger RNA), and the
resulting duplex is cleaved by a ribonuclease. The integration of a recognition site for a small RNA at
the site of a DSB results in cleavage of the transcript including the integrated recognition site when
and where the mature small RNA is expressed and available to bind to the recognition site. For
example, a recognition site sequence for a mature siRNA or miRNA that is endogenously expressed
only in male reproductive tissue of a plant can be integrated into a DSB, whereby a transcript
containing the recognition site sequence is cleaved only where the mature siRNA or miRNA is
expressed (i. e., in male reproductive tissue); this is useful, e. g., to prevent expression of a protein in
male reproductive tissue such as pollen, and can be used in applications such as to induce male
sterility in a plant or to prevent pollen development or shedding. Similarly, a recognition site
sequence for a mature siRNA or miRNA that is endogenously expressed only in the roots of a plant

can be integrated into a DSB, whereby a transcript containing the recognition site sequence is cleaved
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only in roots; this is useful, e. g., to prevent expression of a protein in roots. Non-limiting examples of
useful small RNAs include: miRNAs having tissue-specific expression patterns disclosed in U. S.
Patent 8,334,430, miRNAs having temporally specific expression patterns disclosed in U. S. Patent
8,314,290, miRNAs with stress-responsive expression patterns disclosed in U. S. Patent 8,237,017,
siRNAs having tissue-specific expression patterns disclosed in U. S. Patent 9,139,838, and various
miRNA recognition site sequences and the corresponding miRNAs disclosed in U. S. Patent
Application Publication 2009/0293148. All of the patent publications referenced in this paragraph are
incorporated herein by reference in their entirety. In embodiments, multiple edits in a genome are
employed to obtain a desired phenotype or trait in plant. In an embodiment, one or more edits
(addition, deletion, or substitution of one or more nucleotides) of an endogenous nucleotide sequence
is made to provide a general phenotype; addition of at least one small RNA recognition site by
insertion of the recognition site sequence at a DSB that is functionally linked to the edited endogenous
nucleotide sequence achieves more specific control of expression of the edited endogenous nucleotide
sequence. In an example, an endogenous plant 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) is edited to provide a glyphosate-resistant EPSPS; for example, suitable changes include the
amino acid substitutions Threonine-102-Isoleucine (T1021) and Proline-106-Serine (P106S) in the
maize EPSPS sequence identified by Genbank accession number X63374 (see, for example U. S.
Patent 6,762,344, incorporated herein by reference). In another example, an endogenous plant
acetolactate synthase (ALS) is edited to increase resistance of the enzyme to various herbicides (e. g.,
sulfonylurea, imidazolinone, tirazolopyrimidine, pyrimidinylthiobenzoate, sulfonylamino-
carbonyltriazolinone); for example, suitable changes include the amino acid substitutions G115,
Al16, P191, A199, K250, M345, D370, V565, W568, and F572 to the Nicotiana tabacum ALS
enzyme as described in U. S. Patent 5,605,011, which is incorporated herein by reference. The edited
herbicide-tolerant enzyme, combined with integration of at least one small RNA recognition site for a
small RNA (e. g., an siRNA or a miRNA) expressed only in a specific tissue (for example, miRNAs
specifically expressed in male reproductive tissue or female reproductive tissue, e. g., the miRNAs
disclosed in Table 6 of U. S. Patent 8,334,430 or the siRNAs disclosed in U. S. Patent 9,139,838, both
incorporated herein by reference) at a DSB functionally linked to (e. g., in the 3” untranslated region
of) the edited herbicide-tolerant enzyme results in expression of the edited herbicide-tolerant enzyme
being restricted to tissues other than those in which the small RNA is endogenously expressed, and
those tissues in which the small RNA is expressed will not be resistant to herbicide application; this
approach is useful, e. g., to provide male-sterile or female-sterile plants.

[0112] In other embodiments, the sequence of an endogenous genomic locus encoding one or
more small RNAs (e. g., miRNAs, siRNAs, ta-siRNAs) is altered in order to express a small RNA
having a sequence that is different from that of the endogenous small RNA and is designed to target a
new sequence of interest (e. 2., a sequence of a plant pest, plant pathogen, symbiont of a plant, or

symbiont of a plant pest or pathogen). For example, the sequence of an endogenous or native
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genomic locus encoding a miRNA precursor can be altered in the mature miRNA and the miR*
sequences, while maintaining the secondary structure in the resulting altered miRNA precursor
sequence to permit normal processing of the transcript to a mature miRNA with a different sequence
from the original, native mature miRNA sequence; see, for example, U. S. Patents 7,786,350 and
8,395,023, both of which are incorporated by reference in their entirety herein, and which teach
methods of designing engineered miRNAs. In embodiments, the sequence of an endogenous
genomic locus encoding one or more small RNAs (e. 2., miRNAs, siRNAs, ta-siRNAs) is altered in
order to express one or more small RNA cleavage blockers (see, e. g., U. S. Patent 9,040,774, which
is incorporated by reference in its entirety herein). In embodiments, the sequence of an endogenous
genomic locus is altered to encode a small RNA decoy (e. g., U. S. Patent 8,946,511, which is
incorporated by reference in its entirety herein). In embodiments, the sequence of an endogenous
genomic locus that natively contains a small RNA (e. g., miRNA, siRNA, or ta-siRNA) recognition or
cleavage site is altered to delete or otherwise mutate the recognition or cleavage site and thus
decouple the genomic locus from small RNA regulation.

[0113] Recombinases and Recombinase Recognition Sites: In an embodiment, the

polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule that is integrated (or that
has a sequence that is integrated) at the site of at least one double-strand break (DSB) in a genome
includes DNA that includes or encodes a recombinase recognition site sequence that is recognized by
a site-specific recombinase, the specific binding agent is the corresponding site-specific recombinase,
and the change of expression is upregulation or downregulation or expression of a transcript having an
altered sequence (for example, expression of a transcript that has had a region of DNA excised by the
recombinase). The term “recombinase recognition site sequence” refers to the DNA sequences
(usually a pair of sequences) that are recognized by a site-specific (i. e., sequence-specific)
recombinase in a process that allows the excision (or, in some cases, inversion or translocation) of the
DNA located between the sequence-specific recombination sites. For instance, Cre recombinase
recognizes either loxP recombination sites or lox511 recombination sites which are heterospecific,
which means that loxP and lox511 do not recombine together (see, e. g., Odell ef al. (1994) Plant
Physiol., 106:447 — 458); FLP recombinase recognizes frt recombination sites (see, e. g., Lyznik ef al.
(1996) Nucleic Acids Res., 24:3784 — 3789); R recombinase recognizes Rs recombination sites (see, e.
2., Onounchi et al. (1991) Nucleic Acids Res., 19:6373 — 6378); Dre recombinase recognizes rox sites
(see, e. g., U.S. Patent 7,422 889, incorporated herein by reference); and Gin recombinase recognizes
gix sites (see, e. g., Maeser ef al. (1991) Mol. Gen. Genet., 230:170 — 176). In a non-limiting
example, a pair of polynucleotides encoding loxP recombinase recognition site sequences encoded by
a pair of polynucleotide donor molecules are integrated at two separate DSBs; in the presence of the
corresponding site-specific DNA recombinase Cre, the genomic sequence flanked on either side by

the integrated loxP recognition sites is excised from the genome (for loxP sequences that are
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integrated in the same orientation relative to each other within the genome) or is inverted (for loxP
sites that are integrated in an inverted orientation relative to each other within the genome) or is
translocated (for loxP sites that are integrated on separate DNA molecules); such an approach is
useful, e. g., for deletion or replacement of larger lengths of genomic sequence, for example, deletion
or replacement of one or more protein domains. In embodiments, the recombinase recognition site
sequences that are integrated at two separate DSBs are heterospecific, i. e., will not recombine
together; for example, Cre recombinase recognizes either loxP recombination sites or lox511
recombination sites which are heterospecific relative to each other, which means that a loxP site and a
lox511 site will not recombine together but only with another recombination site of its own type. In
embodiments, one or more of the polynucleotide donor molecules encoding a recombinase
recognition site sequences further encode intron splicing signal sequences (both donor and acceptor
signal sequences) arranged to provide a heterologous, functionally spliceable intron containing a
recombinase recognition site sequence, wherein the recombinase recognition site sequence is located
in between the intron splicing signal sequences; one or more such donor molecules can be used to
integrate at least one functionally spliceable intron containing a recombinase recognition site
sequence into an existing exon, allowing replacement of part of an exon.

[0114] Integration of recombinase recognition sites is useful in plant breeding; in an
embodiment, the method is used to provide a first parent plant having recombinase recognition site
sequences heterologously integrated at two separate DSBs; crossing this first parent plant to a second
parent plant that expresses the corresponding recombinase results in progeny plants in which the
genomic sequence flanked on either side by the heterologously integrated recognition sites is excised
from (or in some cases, inverted in) the genome. This approach is useful, e. g., for deletion of
relatively large regions of DNA from a genome, for example, for excising DNA encoding a selectable
or screenable marker that was introduced using transgenic techniques. Examples of heterologous
arrangements or integration patterns of recombinase recognition sites and methods for their use,
particularly in plant breeding, are disclosed in U. S. Patent 8,816,153 (see, for example, the Figures
and working examples), the entire specification of which is incorporated herein by reference.

[0115] Transcription Factors: In an embodiment, the sequence encoded by the donor

polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule that is integrated (or that
has a sequence that is integrated) at the site of at least one double-strand break (DSB) in a genome
includes a transcription factor binding sequence, the specific binding agent is the corresponding
transcription factor (or more specifically, the DNA-binding domain of the corresponding transcription
factor), and the change in expression is upregulation or downregulation (depending on the type of
transcription factor involved). In an embodiment, the transcription factor is an activating transcription
factor or activator, and the change in expression is upregulation or increased expression (e.g.,

increased expression of at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 50%, 60%, 70%, 80%, 90%,
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95%, 100% or greater, ¢.g., at least a 2-fold, 5-fold, 10-fold, 20-fold, 30-fold, 40-fold, 50-fold change,
100-fold or even 1000-fold change or greater) of a sequence of interest to which the transcription
factor binding sequence, when integrated at a DSB in the genome, is operably linked. In some
embodiments, expression is increased between 10-100%; between 2-fold and 5-fold; between 2 and
10-fold; between 10-fold and 50-fold; between 10-fold and a 100-fold; between 100-fold and 1000-
fold; between 1000-fold and 5,000-fold; between 5,000-fold and 10,000 fold. In some embodiments, a
targeted insertion may decrease expression by at least 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%,
40%, 50%, 60%, 70%, 80%, 90%, 95%, 99% or more. In another embodiment, the transcription factor
is a repressing transcription factor or repressor, and the change in expression is downregulation or
decreased expression (e.g., decreased expression by at least 1%, 5%, 10%, 15%, 20%, 25%, 30%,
35%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 99% or more) of a sequence of interest to which the
transcription factor binding sequence when integrated at a DSB in the genome, is operably linked.
Embodiments of transcription factors include hormone receptors, e. g., nuclear receptors, which
include both a hormone-binding domain and a DNA-binding domain; in embodiments, the
polynucleotide donor molecule that is integrated (or that has a sequence that is integrated) at the site
of at least one double-strand break (DSB) in a genome includes or encodes a hormone-binding
domain of a nuclear receptor or a DNA-binding domain of a nuclear receptor. Various non-limiting
examples of transcription factor binding sequences and transcription factors are provided in the
working Examples. In embodiments, the sequence recognizable by a specific binding agent is a
transcription factor binding sequence selected from those publicly disclosed at
arabidopsis[dot]med|dot]ohio-state[dot |edu/AtcisDB/bindingsites|dot|htm] and
neomorph|dot]salk|dot]edu/dap web/pages/index|[dot[php.

[0116] To summarize, the methods described herein permit sequences encoded by donor
polynucleotides to be inserted, in a non-multiplexed or multiplexed manner, into a plant cell genome
for the purpose of modulating gene expression in a number of distinct ways. Gene expression can be
modulated up or down, for example, by tuning expression through the insertion of enhancer elements
and transcription start sequences (€.g., nitrate response elements and auxin binding elements).
Conditional transcription factor binding sites can be added or modified to allow additional control.
Similarly, transcript stabilizing and/or destabilizing sequences can be inserted using the methods
herein. Via the targeted insertion of stop codons, RNAI cleavage sites, or sites for recombinases, the
methods described herein allow the transcription of particular sequences to be selectively turned off
(likewise, the targeted removal of such sequences can be used to turn gene transcription on).

[0117] The plant genome targeting methods disclosed herein also enable transcription rates to be
adjusted by the modification (optimization or de-optimization) of core promoter sequences (€.g.,
TATAA boxes). Proximal control elements (¢.g., GC boxes; CAAT boxes) can likewise be modified.
Enhancer or repressor motifs can be inserted or modified. Three-dimensional structural barriers in

DNA that inhibit RNA polymerase can be created or removed via the targeted insertion of sequences,
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or by the modification of existing sequences. Where intron mediated enhancement is known to affect
transcript rate, the relevant rate-affecting sequences can be optimized or de-optimized (by insertion of
additional sequences or modification of existing sequences) to further enhance or diminish
transcription. Through the insertion or modification of sequences using the targeting methods
described herein (including multiplexed targeting methods), mRNA stability and processing can be
modulated (thereby modulating gene expression). For example, mRNA stabilizing or destabilizing
motifs can be inserted, removed or modified; mRNA splicing donor/acceptor sites can be inserted,
removed or modified and, in some instance, create the possibility of increased control over alternate
splicing. Similarly, miRNA binding sites can be added, removed or modified using the methods
described herein. Epigenetic regulation of transcription can also be adjusted according to the methods
described herein (¢.g., by increasing or decreasing the degree of methylation of DNA, or the degree of
methylation or acetylation of histones). Epigenetic regulation using the tools and methods described
herein can be combined with other methods for modifying genetic sequences described herein, for the
purpose of modifying a trait of a plant cell or plant, or for creating populations of modified cells and
cells from which desired phenotypes can be selected. For example, the methods described herein can
be used in combination with, e.g., donor polynucleotide sequences comprising Polycomb response
elements to generate cells wherein target genes are regulated by Polycomb repressive complex 2
(PRC-2). See, ¢.g., Xiao, J. et al, Nature Genetics, 49, 1546-1552 (2017).

[0118] The plant genome targeting methods described herein can also be used to modulate
translation efficiency by, ¢.g., modifying codon usage towards or away from a particular plant cell’s
bias. Similarly, through the use of the targeting methods described herein, KOZAK sequences can be
optimized or deoptimized, mRNA folding and structures affecting initation of translation can be
altered, and upstream reading frames can be created or destroyed. Through alteration of coding
sequences using the targeted genome modification methods described herein, the abundance and/or
activity of translated proteins can be adjusted. For example, the amino acid sequences in active sites
or functional sites of proteins can be modified to increase or decrease the activity of the protein as
desired; in addition, or alternatively, protein stabilizing or destabilizing motifs can be added or
modified. All of the gene expression and activity modification schemes described herein can be
utilized in various combinations to fine-tune gene expression and activity. Using the multiplexed
targeting methods described herein, a plurality of specific targeted modifications can be achieved in a
plant cell without intervening selection or sequencing steps.

Modified plant cells comprising specifically targeted and modified genomes

[0119] Another aspect of the invention includes the cell, such as a plant cell, provided by the
methods disclosed herein. In an embodiment, a plant cell thus provided includes in its genome a
heterologous DNA sequence that includes: (a) nucleotide sequence of a polynucleotide (such as a

double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-
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stranded DNA/RNA hybrid) molecule integrated at the site of a DSB in a genome; and (b) genomic
nucleotide sequence adjacent to the site of the DSB. In embodiments, the methods disclosed herein
for integrating a sequence encoded by a polynucleotide donor molecule into the site of a DSB are
applied to a plant cell (e. g., a plant cell or plant protoplast isolated from a whole plant or plant part or
plant tissue, or an isolated plant cell or plant protoplast in suspension or plate culture); in other
embodiments, the methods are applied to non-isolated plant cells in situ or in planta, such as a plant
cell located in an intact or growing plant or in a plant part or tissue. The methods disclosed herein for
integrating a sequence encoded by a polynucleotide donor molecule into the site of a DSB are also
useful in introducing heterologous sequence at the site of a DSB induced in the genome of other
photosynthetic eukaryotes (e. g., green algae, red algae, diatoms, brown algae, and dinoflagellates).

In embodiments, the plant cell or plant protoplast is capable of division and further differentiation. In
embodiments, the plant cell or plant protoplast is obtained or isolated from a plant or part of a plant
selected from the group consisting of a plant tissue, a whole plant, an intact nodal bud, a shoot apex or
shoot apical meristem, a root apex or root apical meristem, lateral meristem, intercalary meristem, a
seedling (e. g., a germinating seed or small seedling or a larger seedling with one or more true leaves),
a whole seed (e. 2., an intact seed, or a seed with part or all of its seed coat removed or treated to
make permeable), a halved seed or other seed fragment, a zygotic or somatic embryo (e. g., a mature
dissected zygotic embryo, a developing zygotic or somatic embryo, a dry or rehydrated or freshly
excised zygotic embryo), pollen, microspores, epidermis, flower, and callus.

[0120] In some embodiments, the method includes the additional step of growing or regenerating
a plant from a plant cell containing the heterologous DNA sequence of the polynucleotide donor
molecule integrated at the site of a DSB and genomic nucleotide sequence adjacent to the site of the
DSB, wherein the plant includes at least some cells that contain the heterologous DNA sequence of
the polynucleotide donor molecule integrated at the site of a DSB and genomic nucleotide sequence
adjacent to the site of the DSB. In embodiments, callus is produced from the plant cell, and plantlets
and plants produced from such callus. In other embodiments, whole seedlings or plants are grown
directly from the plant cell without a callus stage. Thus, additional related aspects are directed to
whole seedlings and plants grown or regenerated from the plant cell or plant protoplast containing
sequence encoded by a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a
single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
heterologously integrated at the site of a DSB, as well as the seeds of such plants; embodiments
include whole seedlings and plants grown or regenerated from the plant cell or plant protoplast
containing sequence encoded by a polynucleotide donor molecule heterologously integrated at the site
of two or more DSBs, as well as the seeds of such plants. In embodiments, the grown or regenerated
plant exhibits a phenotype associated with the sequence encoded by a polynucleotide donor molecule
heterologously integrated at the site of a DSB. In embodiments, the grown or regenerated plant

includes in its genome two or more genetic modifications that in combination provide at least one
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phenotype of interest, wherein at least one of the two or more genetic modifications includes the
sequence encoded by a polynucleotide donor molecule heterologously integrated at the site of a DSB
in the genome, or wherein the two or more genetic modifications include sequence encoded by at least
one polynucleotide donor heterologously integrated at two or more DSBs in the genome, or wherein
the two or more genetic modifications include sequences encoded by multiple polynucleotides donor
molecules heterologously integrated at different DSBs in the genome. In embodiments, a
heterogeneous population of plant cells or plant protoplasts, at least some of which include sequence
encoded by at least one polynucleotide donor molecule heterologously integrated at the site of a DSB,
is provided by the method; related aspects include a plant having a phenotype of interest associated
with sequence encoded by the polynucleotide donor molecule heterologously integrated at the site of a
DSB, provided by either regeneration of a plant having the phenotype of interest from a plant cell or
plant protoplast selected from the heterogencous population of plant cells or plant protoplasts, or by
selection of a plant having the phenotype of interest from a heterogeneous population of plants grown
or regenerated from the population of plant cells or plant protoplasts. Examples of phenotypes of
interest include (but are not limited to) herbicide resistance; improved tolerance of abiotic stress (e. g.,
tolerance of temperature extremes, drought, or salt) or biotic stress (e. g., resistance to bacterial or
fungal pathogens); improved utilization of nutrients or water; synthesis of new or modified amounts
of lipids, carbohydrates, proteins or other chemicals, including medicinal compounds; improved
flavour or appearance; improved photosynthesis; improved storage characteristics (e. g., resistance to
bruising, browning, or softening); increased yield; altered morphology (e. g., floral architecture or
colour, plant height, branching, root structure); and changes in flowering time. In an embodiment, a
heterogencous population of plant cells or plant protoplasts (or seedlings or plants grown or
regenerated therefrom) is exposed to conditions permitting expression of the phenotype of interest; e.
2., selection for herbicide resistance can include exposing the population of plant cells or plant
protoplasts (or seedlings or plants) to an amount of herbicide or other substance that inhibits growth
or is toxic, allowing identification and selection of those resistant plant cells or plant protoplasts (or
seedlings or plants) that survive treatment. In certain embodiments, a proxy measurement can be
taken of an aspect of a modified plant or plant cell, where the measurement is indicative of a desired
phenotype or trait. For example, the modification of one or more targeted sequences in a genome may
provide a measurable change in a molecule (e.g., a detectable change in the structure of a molecule, or
a change in the amount of the molecule that is detected, or the presence or absence of a molecule) that
can be used as a biomarker for a presence of a desired phenotype or trait. The proper insertion of an
enhancer for increasing expression of an enzyme, for example, may be determined by detecting lower
levels of the enyzme’s substrate.

[0121] In some embodiments, modified plants are produced from cells modified according to the
methods described herein without a tissue culturing step. In certain embodiments, the modified plant

cell or plant does not have significant losses of methylation compared to a non-modified parent plant
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cell or plant. For example, the modified plant lacks significant losses of methylation in one or more
promoter regions relative to the parent plant cell or plant. Similarly, in certain embodiments, a
modified plant or plant cell obtained using the methods described herein lacks significant losses of
methylation in protein coding regions relative to the parent cell or parent plant before modification
using the modification methods described herein.

[0122] Also contemplated are new heterogeneous populations, arrays, or libraries of plant cells
and plants created by the introduction of targeted modifications at one more locations in the genome.
Plant compositions of the invention include succeeding generations or seeds of modified plants that
are grown or regenerated from plant cells or plant protoplasts modified according to the methods
herein, as well as parts of those plants (including plant parts used in grafting as scions or rootstocks),
or products (e. ., fruits or other edible plant parts, cleaned grains or seeds, edible oils, flours or
starches, proteins, and other processed products) made from these plants or their seeds. Embodiments
include plants grown or regenerated from the plant cells or plant protoplasts, wherein the plants
contain cells or tissues that do not have sequence encoded by the polynucleotide donor molecule
heterologously integrated at the site of a DSB, e. g., grafted plants in which the scion or rootstock
contains sequence encoded by the polynucleotide donor molecule heterologously integrated at the site
of a DSB, or chimeric plants in which some but not all cells or tissues contain sequence encoded by
the polynucleotide donor molecule heterologously integrated at the site of a DSB. Plants in which
grafting is commonly useful include many fruit trees and plants such as many citrus trees, apples,
stone fruit (e. g., peaches, apricots, cherries, and plums), avocados, tomatoes, eggplant, cucumber,
melons, watermelons, and grapes as well as various ornamental plants such as roses. Grafted plants
can be grafts between the same or different (generally related) species. Additional related aspects
include (a) a hybrid plant provided by crossing a first plant grown or regenerated from a plant cell or
plant protoplast with sequence encoded by at least one polynucleotide donor molecule heterologously
integrated at the site of a DSB, with a second plant, wherein the hybrid plant contains sequence
encoded by the polynucleotide donor molecule heterologously integrated at the site of a DSB, and (b)
a hybrid plant provided by crossing a first plant grown or regenerated from a plant cell or plant
protoplast with sequence encoded by at least one polynucleotide donor molecule heterologously
integrated at multiple DSB sites, with a second plant, wherein the hybrid plant contains sequence
encoded by at least one polynucleotide donor molecule heterologously integrated at the site of at least
one DSB; also contemplated is seed produced by the hybrid plant. Also envisioned as related aspects
are progeny seed and progeny plants, including hybrid seed and hybrid plants, having the regenerated
plant as a parent or ancestor. In embodiments, the plant cell (or the regenerated plant, progeny seed,
and progeny plant) is diploid or polyploid. In embodiments, the plant cell (or the regenerated plant,
progeny seed, and progeny plant) is haploid or can be induced to become haploid; techniques for
making and using haploid plants and plant cells are known in the art, see, e. g., methods for generating

haploids in Arabidopsis thaliana by crossing of a wild-type strain to a haploid-inducing strain that
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expresses altered forms of the centromere-specific histone CENH3, as described by Maruthachalam
and Chan in “How to make haploid Arabidopsis thaliana”, a protocol publicly available at
www]|dot]openwetware[dot]org/images/d/d3/Haploid Arabidopsis_protocol[dot]pdf; Ravi ef al.
(2014) Nature Communications, 5:5334, doi: 10.1038/ncomms6334). Examples of haploid cells
include but are not limited to plant cells obtained from haploid plants and plant cells obtained from
reproductive tissues, e. g., from flowers, developing flowers or flower buds, ovaries, ovules,
megaspores, anthers, pollen, and microspores. In embodiments where the plant cell is haploid, the
method can further include the step of chromosome doubling (e. g., by spontancous chromosomal
doubling by meiotic non-reduction, or by using a chromosome doubling agent such as colchicine,
oryzalin, trifluralin, pronamide, nitrous oxide gas, anti-microtubule herbicides, anti-microtubule
agents, and mitotic inhibitors) in the plant cell containing heterologous DNA sequence (i. e. sequence
of the polynucleotide donor molecule integrated at the site of a DSB in the genome and genomic
nucleotide sequence adjacent to the site of the DSB) to produce a doubled haploid plant cell or plant
protoplast that is homozygous for the heterologous DNA sequence; vet other embodiments include
regeneration of a doubled haploid plant from the doubled haploid plant cell or plant protoplast,
wherein the regenerated doubled haploid plant is homozygous for the heterologous DNA sequence.
Thus, aspects of the invention are related to the haploid plant cell or plant protoplast having the
heterologous DNA sequence of the polynucleotide donor molecule integrated at the site of a DSB and
genomic nucleotide sequence adjacent to the site of the DSB, as well as a doubled haploid plant cell
or plant protoplast or a doubled haploid plant that is homozygous for the heterologous DNA sequence.
Another aspect of the invention is related to a hybrid plant having at least one parent plant that is a
doubled haploid plant provided by the method. Production of doubled haploid plants by these
methods provides homozygosity in one generation, instead of requiring several generations of self-
crossing to obtain homozygous plants; this may be particularly advantageous in slow-growing plants,
such as fruit and other trees, or for producing hybrid plants that are offspring of at least one doubled-
haploid plant.

[0123] Plants and plant cells are of any species of interest, including dicots and monocots. Plants
of interest include row crop plants, fruit-producing plants and trees, vegetables, trees, and ornamental
plants including ornamental flowers, shrubs, trees, groundcovers, and turf grasses. Examples of
commercially important cultivated crops, trees, and plants include: alfalfa (Medicago sativa), almonds
(Prunus dulcis), apples (Malus x domestica), apricots (Prunus armeniaca, P. brigantine, P.
mandshurica, P. mume, P. sibirica), asparagus (Asparagus officinalis), bananas (Musa spp.), barley
(Hordeum vulgare), beans (Phaseolus spp.), blueberries and cranberries (Vaccinium spp.), cacao
(Theobroma cacao), canola and rapeseed or oilseed rape, (Brassica napus), carnation (Dianthus
caryophyllus), carrots (Daucus carota sativus), cassava (Manihot esculentum), cherry (Prunus avium),
chickpea (Cider arietinum), chicory (Cichorium intybus), chili peppers and other capsicum peppers

(Capsicum annuum, C. frutescens, C. chinense, C. pubescens, C. baccatum), chrysanthemums
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(Chrysanthemum spp.), coconut (Cocos nucifera), coffee (Coffea spp. including Coffea arabica and
Coffea canephora), cotton (Gossypium hirsutum L.), cowpea (Vigna unguiculata), cucumber
(Cucumis sativus), currants and gooseberries (Ribes spp.), eggplant or aubergine (Solanum
melongena), eucalyptus (Eucalyptus spp.), flax (Linum usitatissumum L.), geraniums (Pelargonium
spp.), grapefruit (Citrus x paradisi), grapes (Vitus spp.) including wine grapes (Vitus vinifera), guava
(Psidium guajava), hops (Humulus lupulus), hemp and cannabis (Cannabis sativa and Cannabis spp.),
irises (Iris spp.), lemon (Citrus limon), lettuce (Lactuca sativa), limes (Citrus spp.), maize (Zea mays
L.), mango (Mangifera indica), mangosteen (Garcinia mangostana), melon (Cucumis melo), millets
(Setaria spp, Echinochloa spp, Eleusine spp, Panicum spp., Pennisetum spp.), oats (Avena sativa), oil
palm (Ellis quineensis), olive (Olea europaea), onion (Allium cepa), orange (Citrus sinensis), papaya
(Carica papaya), peaches and nectarines (Prunus persica), pear (Pyrus spp.), pea (Pisa sativum),
peanut (Arachis hypogaea), peonies (Paeonia spp.), petunias (Pefunia spp.), pincapple (4dnanas
comosus), plantains (Musa spp.), plum (Prunus domestica), poinsettia (Euphorbia pulcherrima),
Polish canola (Brassica rapa), poplar (Populus spp.), potato (Solanum tuberosum), pumpkin
(Cucurbita pepo), rice (Oryza sativa L.), roses (Rosa spp.), rubber (Hevea brasiliensis), rye (Secale
cereale), safflower (Carthamus tinctorius L), sesame seed (Sesame indium), sorghum (Sorghum
bicolor), soybean (Glycine max L.), squash (Cucurbita pepo), strawberries (Fragaria spp., Fragaria x
ananassa), sugar beet (Beta vulgaris), sugarcanes (Saccharum spp.), sunflower (Helianthus annus),
sweet potato (Ilpomoea batatas), tangerine (Citrus tangerina), tea (Camellia sinensis), tobacco
(Nicotiana tabacum L.), tomato (Lycopersicon esculentum), tulips (Tulipa spp.), turnip (Brassica rapa
rapa), walnuts (Juglans spp. L.), watermelon (Citrulus lanatus), wheat (Tritium aestivum), and yams
(Discorea spp.).

[0124] In another embodiment, targeted multiplex editing methods described herein are useful
for modifying the genomes of asexually propagated and cloned plants. In certain embodiments, the
multiplex editing is used to alter traits of recessive nature. Examples of plants which are, or often are,
asexually propagated include, without limitation, apples (Malus x domestica), apricots (Prunus
armeniaca, P. brigantine, P. mandshurica, P. mume, P. sibirica), avocado (Persea americana),
bananas (Musa spp.), cherry (Prunus avium), grapefruit (Citrus x paradisi), grapes (Vitus spp.)
including wine grapes (Vitus vinifera), irises (Iris spp.), lemon (Citrus limon), limes (Citrus spp.),
orange (Citrus sinensis), peaches and nectarines (Prunus persica), pear (Pyrus spp.), pineapple
(Ananas comosus), plantains (Musa spp.), plum (Prunus domestica), poinsettia (Euphorbia
pulcherrima), potato (Solanum tuberosum), roses (Rosa spp.), strawberries (Fragaria spp., Fragaria x
ananassa), sugarcanes (Saccharum spp.), sweet potato (lpomoea batatas), tangerine (Citrus
tangerina), tea (Camellia sinensis), yams (Discorea spp.), hops (Humulus lupulus), and hemp and
cannabis (Cannabis sativa and Cannabis spp.) and many other plants and crops that form bulbs,

bulbils, tubers, or corms, or which may be propagated by cuttings, root divisions, stolons, runners, or

pups.
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[0125] The plant cells and derivative plants and seeds disclosed herein can be used for various
purposes useful to the consumer or grower. The intact plant itself may be desirable, e. g., plants
grown as cover crops or as ornamentals. In other embodiments, processed products are made from
the plant or its seeds, such as extracted proteins, oils, sugars, and starches, fermentation products,
animal feed or human food, wood and wood products, pharmaceuticals, and various industrial
products. Thus, further related aspects of the invention include a processed or commodity product
made from a plant or seed or plant part that includes at least some cells that contain the heterologous
DNA sequence including the sequence encoded by the polynucleotide donor molecule integrated at
the site of a DSB and genomic nucleotide sequence adjacent to the site of the DSB. Commodity
products include, but are not limited to, harvested leaves, roots, shoots, tubers, stems, fruits, seeds, or
other parts of a plant, meals, oils (edible or inedible), fiber, extracts, fermentation or digestion
products, crushed or whole grains or seeds of a plant, wood and wood pulp, or any food or non-food
product. Detection of a heterologous DNA sequence that includes: (a) nucleotide sequence encoded
by a polynucleotide donor molecule integrated at the site of a DSB in a genome; and (b) genomic
nucleotide sequence adjacent to the site of the DSB in such a commodity product is de facto evidence
that the commodity product contains or is derived from a plant cell, plant, or seed of this invention.
[0126] In another aspect, the invention provides a heterologous nucleotide sequence including:
(a) nucleotide sequence encoded by a polynucleotide donor molecule integrated by the methods
disclosed herein at the site of a DSB in a genome, and (b) genomic nucleotide sequence adjacent to
the site of the DSB. Related aspects include a plasmid, vector, or chromosome including such a
heterologous nucleotide sequence, as well as polymerase primers for amplification (e. g., PCR
amplification) of such a heterologous nucleotide sequence.

Compositions and reaction mixtures

[0127] In one aspect, the invention provides a composition including: (a) a cell; and (b) a
polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule that is capable of being
integrated (or having its sequence integrated) (preferably by non-homologous end-joining (NHEJ)) at
one or more double-strand breaks in a genome in the cell. In many embodiments of the composition,
the cell is a plant cell, e. g., an isolated plant cell or a plant protoplast, or a plant cell in a plant, plant
part, plant tissue, or callus. In certain embodiments, the cell is that of a photosynthetic eukaryote (e.
g., green algae, red algae, diatoms, brown algae, and dinoflagellates).

[0128] In various embodiments of the composition, the plant cell is a plant cell or plant
protoplast isolated from a whole plant or plant part or plant tissue (e. g., a plant cell or plant protoplast
cultured in liquid medium or on solid medium), or a plant cell located in callus, an intact plant, seed,
or seedling, or in a plant part or tissue. In embodiments, the plant cell is a cell of a monocot plant or

of a dicot plant. In many embodiments, the plant cell is a plant cell capable of division and/or
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differentiation, including a plant cell capable of being regenerated into callus or a plant. In
embodiments, the plant cell is capable of division and further differentiation, even capable of being
regenerated into callus or into a plant. In embodiments, the plant cell is diploid, polyploid, or haploid
(or can be induced to become haploid).

[0129] In embodiments, the composition includes a plant cell that includes at least one double-
strand break (DSB) in its genome. Alternatively, the composition includes a plant cell in which at
least one DSB will be induced in its genome, for example, by providing at least one DSB-inducing
agent to the plant cell, e. g., either together with the polynucleotide (such as a double-stranded DNA,
a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
donor molecule or separately. Thus, the composition optionally further includes at least one DSB-
inducing agent. In embodiments, the composition optionally further includes at least one chemical,
enzymatic, or physical delivery agent, or a combination thereof, such delivery agents and methods for
their use are described in detail in the paragraphs following the heading “Delivery Methods and
Delivery Agents”. In embodiments, the DSB-inducing agent is at least one of the group consisting of:

(a) a nuclease selected from the group consisting of an RNA-guided nuclease, an RNA-
guided DNA endonuclease, a type II Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a
CasX, a C2c1, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-finger nuclease
(ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an Argonaute, and a
meganuclease or engineered meganuclease;

(b) a polynucleotide encoding one or more nucleases capable of effecting site-specific
alteration (such as introduction of a DSB) of a target nucleotide sequence; and

(c) a guide RNA (gRNA) for an RNA-guided nuclease, or a DNA encoding a gRNA for an
RNA-guided nuclease.

In embodiments, the composition includes (a) a cell; (b) a polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule, capable of being integrated (or having its sequence integrated) at
a DSB; (¢) a Cas9, a Cpfl, a CasY, a CasX, a C2¢1, or a C2¢3 nuclease; and (d) at least one guide
RNA. In an embodiment, the composition includes (a) a cell; (b) a polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule, capable of being integrated (or having its sequence integrated)at
a DSB; (¢) at least one ribonucleoprotein including a CRISPR nuclease and a guide RNA.

[0130] In embodiments of the composition, the polynucleotide donor molecule is double-
stranded and blunt-ended, or is double-stranded and has an overhang or “sticky end” consisting of
unpaired nucleotides (e. g., 1, 2, 3, 4, 5, or 6 unpaired nucleotides) at one terminus or both termini; in
other embodiments, the polynucleotide donor molecule is a single-stranded DNA or a single-stranded
DNA/RNA hybrid. In an embodiment, the polynucleotide donor molecule is a double-stranded DNA
or DNA/RNA hybrid molecule that is blunt-ended or that has an overhang at one terminus or both
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termini, and that has about 18 to about 300 base-pairs, or about 20 to about 200 base-pairs, or about
30 to about 100 base-pairs, and having at least one phosphorothioate bond between adjacent
nucleotides ata 5° end, 3’ end, or both 5" and 3” ends. In embodiments, the polynucleotide donor
molecule is a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or
a double-stranded DNA/RNA hybrid, and includes single strands of at least 11, at least 18, at least 20,
at least 30, at least 40, at lecast 60, at least 80, at least 100, at least 120, at least 140, at least 160, at
least 180, at least 200, at least 240, at least 280, or at least 320 nucleotides. In embodiments, the
polynucleotide donor molecule includes chemically modified nucleotides; in embodiments, the
naturally occurring phosphodiester backbone of the polynucleotide molecule is partially or completely
modified with phosphorothioate, phosphorodithioate, or methylphosphonate internucleotide linkage
modifications, or the polynucleotide donor molecule includes modified nucleoside bases or modified
sugars, or the polynucleotide donor molecule is labelled with a fluorescent moiety or other detectable
label. In an embodiment, the polynucleotide donor molecule is double-stranded and perfectly base-
paired through all or most of its length, with the possible exception of any unpaired nucleotides at
either terminus or both termini. In another embodiment, the polynucleotide donor molecule is double-
stranded and includes one or more non-terminal mismatches or non-terminal unpaired nucleotides
within the otherwise double-stranded duplex. Other related embodiments include single- or double-
stranded DNA/RNA hybrid donor molecules. Additional description of the polynucleotide donor

molecule is found above in the paragraphs following the heading “Polynucleotide Molecules™.

[0131] In embodiments of the composition, the polynucleotide donor molecule includes:
(a) a nucleotide sequence that is recognizable by a specific binding agent;
(b) a nucleotide sequence encoding an RNA molecule or an amino acid sequence that is

recognizable by a specific binding agent;

() a nucleotide sequence that encodes an RNA molecule or an amino acid sequence that
binds specifically to a ligand;

(d) a nucleotide sequence that is responsive to a specific change in the physical
environment; or

©) a nucleotide sequence encoding an RNA molecule or an amino acid sequence that is
responsive to a specific change in the physical environment;

® a nucleotide sequence encoding at least one stop codon on each strand;

(2) a nucleotide sequence encoding at least one stop codon within each reading frame on
cach strand; or

(h) at least partially self-complementary sequence, such that the polynucleotide molecule
encodes a transcript that is capable of forming at least partially double-stranded RNA; or

(1) a combination of any of (a) — (h).
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Additional description relating to these various embodiments of nucleotide sequences
included in the polynucleotide donor molecule is found in the section headed “Methods of changing
expression of a sequence of interest in a genome”™.

[0132] In another aspect, the invention provides a reaction mixture including: (a) a plant cell
having a double-strand break (DSB) at at least one locus in its genome; and (b) a polynucleotide (such
as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-
stranded DNA/RNA hybrid) donor molecule capable of being integrated or inserted (or having its
sequence integrated or inserted) at the DSB (preferably by non-homologous end-joining (NHEJ)),
with a length of between about 18 to about 300 base-pairs (or nucleotides, if single-stranded), or
between about 30 to about 100 base-pairs(or nucleotides, if single-stranded); wherein sequence
encoded by the polynucleotide donor molecule, if integrated at the DSB, forms a heterologous
insertion (that is to say, resulting in a concatenated nucleotide sequence that is a combination of the
sequence of the polynucleotide molecule and at least some of the genomic sequence adjacent to the
site of DSB, wherein the concatenated sequence is heterologous, i. e., would not otherwise or does not
normally occur at the site of insertion). In embodiments, the product of the reaction mixture includes
a plant cell in which sequence encoded by the polynucleotide donor molecule has been integrated at
the site of the DSB.

[0133] In many embodiments of the reaction mixture, the cell is a plant cell, e. g., an isolated
plant cell or a plant protoplast, or a plant cell in a plant, plant part, plant tissue, or callus. In various
embodiments of the reaction mixture, the plant cell is a plant cell or plant protoplast isolated from a
whole plant or plant part or plant tissue (e. g., a plant cell or plant protoplast cultured in liquid
medium or on solid medium), or a plant cell located in callus, an intact plant, seed, or seedling, or in a
plant part or tissue. In embodiments, the plant cell is a cell of a monocot plant or of a dicot plant. In
many embodiments, the plant cell is a plant cell capable of division and/or differentiation, including a
plant cell capable of being regenerated into callus or a plant. In embodiments, the plant cell is capable
of division and further differentiation, even capable of being regenerated into callus or into a plant. In
embodiments, the plant cell is diploid, polyploid, or haploid (or can be induced to become haploid).
[0134] In embodiments, the reaction mixture includes a plant cell that includes at least one
double-strand break (DSB) in its genome. Alternatively, the reaction mixture includes a plant cell in
which at least one DSB will be induced in its genome, for example, by providing at least one DSB-
inducing agent to the plant cell, e. g., either together with a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule capable of being integrated or inserted (or having its sequence integrated or
inserted) at the DSB, or separately. Thus, the reaction mixture optionally further includes at least one
DSB-inducing agent. In embodiments, the reaction mixture optionally further includes at least one
chemical, enzymatic, or physical delivery agent, or a combination thereof; such delivery agents and

methods for their use are described in detail in the paragraphs following the heading “Delivery
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Methods and Delivery Agents”. In embodiments, the DSB-inducing agent is at least one of the group
consisting of:

(a) a nuclease selected from the group consisting of an RNA-guided nuclease, an RNA-
guided DNA endonuclease, a type II Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a
CasX, a C2c1, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-finger nuclease
(ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an Argonaute, and a
meganuclease or engineered meganuclease;

(b) a polynucleotide encoding one or more nucleases capable of effecting site-specific
alteration (such as introduction of a DSB) of a target nucleotide sequence; and

() a guide RNA (gRNA) for an RNA-guided nuclease, or a DNA encoding a gRNA for
an RNA-guided nuclease.

In embodiments, the reaction mixture includes (a) a plant cell; (b) a polynucleotide (such as a
double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-
stranded DNA/RNA hybrid) donor molecule capable of being integrated or inserted (or having its
sequence integrated or inserted) at the DSB; (¢) a Cas9, a Cpfl, a CasY, a CasX, a C2¢1, ora C2¢3
nuclease; and (d) at least one guide RNA. In an embodiment, the reaction mixture includes (a) a plant
cell or a plant protoplast; (b) a polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
capable of being integrated or inserted (or having its sequence integrated or inserted) at the DSB; (c)
at least one ribonucleoprotein including a CRISPR nuclease and a guide RNA. In an embodiment, the
reaction mixture includes (a) plant cell or a plant protoplast; (b) a polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule capable of being integrated or inserted (or having its sequence
integrated or inserted) at the DSB; (¢) at least one ribonucleoprotein including Cas9 and an sgRNA.
[0135] In embodiments of the reaction mixture, the polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule includes:

(a) a nucleotide sequence that is recognizable by a specific binding agent;

(b) a nucleotide sequence encoding an RNA molecule or an amino acid sequence that is
recognizable by a specific binding agent;

©) a nucleotide sequence that encodes an RNA molecule or an amino acid sequence that
binds specifically to a ligand;

(d) a nucleotide sequence that is responsive to a specific change in the physical
environment; or

©) a nucleotide sequence encoding an RNA molecule or an amino acid sequence that is
responsive to a specific change in the physical environment;

® a nucleotide sequence encoding at least one stop codon on each strand;
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(2) a nucleotide sequence encoding at least one stop codon within each reading frame on
cach strand; or

(h) at least partially self-complementary sequence, such that the polynucleotide molecule
encodes a transcript that is capable of forming at least partially double-stranded RNA; or

(1) a combination of any of (a) — (h).

Additional description relating to these various embodiments of nucleotide sequences
included in the polynucleotide donor molecule is found in the section headed “Methods of changing
expression of a sequence of interest in a genome”™.

Polvnucleotides for disrupting gene expression

[0136] In another aspect, the invention provides a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) molecule for disrupting gene expression, including double-stranded polynucleotides
containing at least 18 base-pairs and encoding at least one stop codon in each possible reading frame
on ¢ach strand and single-stranded polynucleotides containing at least 11 contiguous nucleotides and
encoding at least one stop codon in each possible reading frame on the strand. Such a stop-codon-
containing polynucleotide, when integrated or inserted at the site of a DSB in a genome, disrupts or
hinders translation of an encoded amino acid sequence. In embodiments, the polynucleotide is a
double-stranded DNA or double-stranded DNA/RNA hybrid molecule including at least 18
contiguous base-pairs and encoding at least one stop codon in each possible reading frame on either
strand; in embodiments, the polynucleotide is a double-stranded DNA or double-stranded DNA/RNA
hybrid molecule that is blunt-ended; in other embodiments, the polynucleotide is a double-stranded
DNA or double-stranded DNA/RNA hybrid molecule that has one or more overhangs or unpaired
nucleotides at one or both termini. In embodiments, the polynucleotide is double-stranded and
includes between about 18 to about 300 nucleotides on each strand. In embodiments, the
polynucleotide is a single-stranded DNA or a single-stranded DNA/RNA hybrid molecule including
at least 11 contiguous nucleotides and encoding at least one stop codon in each possible reading frame
on the strand. In embodiments, the polynucleotide is single-stranded and includes between 11 and
about 300 contiguous nucleotides in the strand.

[0137] In embodiments, the polynucleotide for disrupting gene expression further includes a
nucleotide sequence that provides a useful function when integrated into the site of aDSBin a
genome. For example, in various non-limiting embodiments the polynucleotide further includes:
sequence that is recognizable by a specific binding agent or that binds to a specific molecule or
encodes an RNA molecule or an amino acid sequence that binds to a specific molecule, or sequence
that is responsive to a specific change in the physical environment or encodes an RNA molecule or an
amino acid sequence that is responsive to a specific change in the physical environment, or

heterologous sequence, or sequence that serves to stop transcription at the site of the DSB, or
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sequence having secondary structure (e. g., double-stranded stems or stem-loops) or than encodes a
transcript having secondary structure (e. g., double-stranded RNA that is cleavable by a Dicer-type
ribonuclease).

[0138] In an embodiment, the polynucleotide for disrupting gene expression is a double-stranded
DNA or a double-stranded DNA/RNA hybrid molecule, wherein each strand of the polynucleotide
includes at least 18 and fewer than 200 contiguous base-pairs, wherein the number of base-pairs is not
divisible by 3, and wherein each strand encodes at least one stop codon in each possible reading frame
in the 57 to 3” direction. In an embodiment, the polynucleotide is a double-stranded DNA or a double-
stranded DNA/RNA hybrid molecule, wherein the polynucleotide includes at least one
phosphorothioate modification.

[0139] Related aspects include larger polynucleotides such as a plasmid, vector, or chromosome
including the polynucleotide for disrupting gene expression, as well as polymerase primers for
amplification of the polynucleotide for disrupting gene expression.

Methods of identifving the locus of a double-stranded break

[0140] In another aspect, the invention provides a method of identifying the locus of at least one
double-stranded break (DSB) in genomic DNA in a cell (such as a plant cell or plant protoplast)
including the genomic DNA, the method including: (a) contacting the genomic DNA having a DSB
with a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) molecule, wherein the polynucleotide
donor molecule is capable of being integrated (or having its sequence integrated) at the DSB and has a
length of at least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10,
or at least 11 base-pairs if double-stranded (or nucleotides if single-stranded), or between about 2 to
about 320 base-pairs if double-stranded (or nucleotides if single-stranded), or between about 2 to
about 500 base-pairs if double-stranded (or nucleotides if single-stranded), or between about 5 to
about 500 base-pairs if double-stranded (or nucleotides if single-stranded), or between about 5 to
about 300 base-pairs if double-stranded (or nucleotides if single-stranded), or between about 11 to
about 300 base-pairs if double-stranded (or nucleotides if single-stranded), or about 18 to about 300
base-pairs if double-stranded (or nucleotides if single-stranded), or between about 30 to about 100
base-pairs if double-stranded (or nucleotides if single-stranded); wherein sequence encoded by the
polynucleotide donor molecule, if integrated at the DSB, forms a heterologous insertion; and (b) using
at least part of the sequence encoded by the polynucleotide molecule as a target for PCR primers to
allow amplification of DNA in the locus of the double-stranded break. In embodiments, the genomic
DNA is that of a nucleus, mitochondrion, or plastid. In embodiments, the DSB locus is identified by
amplification using primers specific for DNA sequence encoded by the polynucleotide molecule
alone; in other embodiments, the DSB locus is identified by amplification using primers specific for a

combination of DNA sequence encoded by the polynucleotide donor molecule and genomic DNA
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sequence flanking the DSB. Such identification using a heterologously integrated DNA sequence (.
e., that encoded by the polynucleotide molecule) is useful, e. g, to distinguish a cell (such as a plant
cell or plant protoplast) containing sequence encoded by the polynucleotide molecule integrated at the
DSB from a cell that does not. Identification of an edited genome from a non-edited genome is
important for various purposes, e. g., for commercial or regulatory tracking of cells or biological
material such as plants or seeds containing an edited genome.

[0141] In a related aspect, the invention provides a method of identifying the locus of double-
stranded breaks (DSBs) in genomic DNA in a pool of cells (such as a pool of plant cells or plant
protoplasts), wherein the pool of cells includes cells having genomic DNA with sequence encoded by
a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule inserted at the locus of
the double-stranded breaks; wherein the polynucleotide donor molecule is capable of being integrated
(or having its sequence integrated) at the DSB and has a length of at least 2, at least 3, at least 4, at
least 5, at least 6, at least 7, at least 8, at least 9, at least 10, or at least 11 base-pairs if double-stranded
(or nucleotides if single-stranded), or between about 2 to about 320 base-pairs if double-stranded (or
nucleotides if single-stranded), or between about 2 to about 500 base-pairs if double-stranded (or
nucleotides if single-stranded), or between about 5 to about 500 base-pairs if double-stranded (or
nucleotides if single-stranded), or between about 5 to about 300 base-pairs if double-stranded (or
nucleotides if single-stranded), or between about 11 to about 300 base-pairs if double-stranded (or
nucleotides if single-stranded), or about 18 to about 300 base-pairs if double-stranded (or nucleotides
if single-stranded), or between about 30 to about 100 base-pairs if double-stranded (or nucleotides if
single-stranded); wherein sequence encoded by the polynucleotide donor molecule, if integrated at the
DSB, forms a heterologous insertion; wherein the sequence encoded by the polynucleotide molecule
is used as a target for PCR primers to allow amplification of DNA in the region of the double-
stranded breaks. In embodiments, the genomic DNA is that of a nucleus, mitochondrion, or plastid.
In embodiments, the pool of cells is a population of plant cells or plant protoplasts, wherein the
population of plant cells or plant protoplasts include multiple different DSBs (e. g., induced by
different guide RNAs) in the genome. In embodiments, each DSB locus is identified by amplification
using primers specific for DNA sequence encoded by the polynucleotide molecule alone; in other
embodiments, each DSB locus is identified by amplification using primers specific for a combination
of DNA sequence encoded by the polynucleotide molecule and genomic DNA sequence flanking the
DSB. Such identification using a heterologously integrated DNA sequence (i. e., sequence encoded
by the polynucleotide molecule) is useful, e. g., to identify a cell (such as a plant cell or plant
protoplast) containing sequence encoded by the polynucleotide molecule integrated at a DSB from a
cell that does not.

[0142] In embodiments, the pool of cells is a pool of isolated plant cells or plant protoplasts in

liquid or suspension culture, or cultured in or on semi-solid or solid media. In embodiments, the pool
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of cells is a pool of plant cells or plant protoplasts encapsulated in a polymer or other encapsulating
material, enclosed in a vesicle or liposome, or embedded in or attached to a matrix or other solid
support (e. g., beads or microbeads, membranes, or solid surfaces). In embodiments, the pool of cells
is a pool of plant cells or plant protoplasts encapsulated in a polysaccharide (e. g., pectin, agarose). In
embodiments, the pool of cells is a pool of plant cells located in a plant, plant part, or plant tissue, and
the cells are optionally isolated from the plant, plant part, or plant tissue in a step following the
integration of a polynucleotide at a DSB.

[0143] In embodiments, the polynucleotide donor molecule that is integrated (or has sequence
that is integrated) at the DSB is double-stranded and blunt-ended; in other embodiments the
polynucleotide donor molecule is double-stranded and has an overhang or “sticky end” consisting of
unpaired nucleotides (e. g., 1, 2, 3, 4, 5, or 6 unpaired nucleotides) at one terminus or both termini. In
an embodiment, the polynucleotide donor molecule that is integrated (or has sequence that is
integrated) at the DSB is a double-stranded DNA or double-stranded DNA/RNA hybrid molecule of
about 18 to about 300 base-pairs, or about 20 to about 200 base-pairs, or about 30 to about 100 base-
pairs, and having at least one phosphorothioate bond between adjacent nucleotides at a 5 end, 3” end,
or both 5” and 3” ends. In embodiments, the polynucleotide donor molecule includes single strands of
at least 11, at least 18, at least 20, at least 30, at least 40, at least 60, at least 80, at lecast 100, at least
120, at least 140, at least 160, at least 180, at least 200, at least 240, at least 280, or at least 320
nucleotides. In embodiments, the polynucleotide donor molecule has a length of at least 2, at least 3,
at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, or at least 11 base-pairs if
double-stranded (or nucleotides if single-stranded), or between about 2 to about 320 base-pairs if
double-stranded (or nucleotides if single-stranded), or between about 2 to about 500 base-pairs if
double-stranded (or nucleotides if single-stranded), or between about 5 to about 500 base-pairs if
double-stranded (or nucleotides if single-stranded), or between about 5 to about 300 base-pairs if
double-stranded (or nucleotides if single-stranded), or between about 11 to about 300 base-pairs if
double-stranded (or nucleotides if single-stranded), or about 18 to about 300 base-pairs if double-
stranded (or nucleotides if single-stranded), or between about 30 to about 100 base-pairs if double-
stranded (or nucleotides if single-stranded). In embodiments, the polynucleotide donor molecule
includes chemically modified nucleotides; in embodiments, the naturally occurring phosphodiester
backbone of the polynucleotide donor molecule is partially or completely modified with
phosphorothioate, phosphorodithioate, or methylphosphonate internucleotide linkage modifications,
or the polynucleotide donor molecule includes modified nucleoside bases or modified sugars, or the
polynucleotide donor molecule is labelled with a fluorescent moiety or other detectable label. In an
embodiment, the polynucleotide donor molecule is double-stranded and is perfectly base-paired
through all or most of its length, with the possible exception of any unpaired nucleotides at either
terminus or both termini. In another embodiment, the polynucleotide donor molecule is double-

stranded and includes one or more non-terminal mismatches or non-terminal unpaired nucleotides
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within the otherwise double-stranded duplex. In related embodiments, the polynucleotide donor
molecule that is integrated at the DSB is a single-stranded DNA or a single-stranded DNA/RNA
hybrid. Additional description of the polynucleotide donor molecule is found above in the paragraphs
following the heading “Polynucleotide Molecules™.
[0144] In embodiments, the polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated at the DSB includes a nucleotide sequence that, if integrated (or has sequence that is
integrated) at the DSB, forms a heterologous insertion that is not normally found in the genome. In
embodiments, sequence encoded by the polynucleotide molecule that is integrated at the DSB
includes a nucleotide sequence that does not normally occur in the genome containing the DSB; this
can be established by sequencing of the genome, or by hybridization experiments. In certain
embodiments, sequence encoded by the polynucleotide molecule, when integrated at the DSB, not
only permits identification of the locus of the DSB, but also imparts a functional trait to the cell
including the genomic DNA, or to an organism including the cell; in non-limiting examples, sequence
encoded by the polynucleotide molecule that is integrated at the DSB includes at least one of the
nucleotide sequences selected from the group consisting of:

(a) DNA encoding at least one stop codon, or at least one stop codon on each strand, or at
least one stop codon within each reading frame on each strand;

(b) DNA encoding heterologous primer sequence (e. g., a sequence of about 18 to about
22 contiguous nucleotides, or of at least 18, at least 20, or at least 22 contiguous nucleotides that can
be used to initiate DNA polymerase activity at the site of the DSB);

©) DNA encoding a unique identifier sequence (e. g., a sequence that when inserted at
the DSB creates a heterologous sequence that can be used to identify the presence of the insertion);

(d) DNA encoding a transcript-stabilizing sequence;

©) DNA encoding a transcript-destabilizing sequence;

® a DNA aptamer or DNA encoding an RNA aptamer or amino acid aptamer; and

(2) DNA that includes or encodes a sequence recognizable by a specific binding agent.

Methods of identifving the nucleotide sequence of a locus in the genome that is associated with a
phenotype

[0145] In another aspect, the invention provides a method of identifying the nucleotide sequence
of a locus in the genome that is associated with a phenotype, the method including the steps of:
(a) providing to a population of cells (such as plant cells or plant protoplasts) having the
genome:
1 multiple different guide RNAs (gRNAs) to induce multiple different double
strand breaks (DSBs) in the genome, wherein each DSB is produced by an RNA-guided nuclease
guided to a locus on the genome by one of the gRNAs, and
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(i1) polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a
single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecules having
a defined nucleotide sequence, wherein the polynucleotide molecules are capable of being integrated
(or have sequence that is integrated) into the DSBs by non-homologous end-joining (NHEJ);

whereby when sequence encoded by at least some of the polynucleotide molecules are
inserted into at least some of the DSBs, a genetically heterogeneous population of cells is produced;

(b) selecting from the genetically heterogeneous population of cells a subset of cells that
exhibit a phenotype of interest;

©) using a pool of PCR primers that bind to sequence encoded by the polynucleotide
molecules to amplify from the subset of cells DNA from the locus of a DSB into which sequence
encoded by one of the polynucleotide molecules has been inserted; and

(d) sequencing the amplified DNA to identify the locus associated with the phenotype of
interest.
[0146] In embodiments, the cells are plant cells or plant protoplasts or algal cells. In
embodiments, the genetically heterogeneous population of cells undergoes one or more doubling
cycles; for example, the population of cells is provided with growth conditions that should normally
result in cell division, and at least some of the cells undergo one or more doublings. In embodiments,
the genetically heterogeneous population of cells is subjected to conditions permitting expression of
the phenotype of interest. In embodiments, the cells are provided in a single pool or population (e. g.,
in a single container); in other embodiments, the cells are provided in an arrayed format (e. g., in
microwell plates or in droplets in a microfluidics device or attached individually to particles or beads).
[0147] In embodiments, the RNA-guided nuclease or a polynucleotide that encodes the RNA-
guided nuclease is exogenously provided to the population of cells. In embodiments, each gRNA is
provided as a polynucleotide composition including: (a) a CRISPR RNA (crRNA) that includes the
gRNA or a polynucleotide that encodes a crRNA, or a polynucleotide that is processed into a crRNA;
or (b) a single guide RNA (sgRNA) that includes the gRNA, or a polynucleotide that encodes a
sgRNA, or a polynucleotide that is processed into a sgRNA In embodiments, the multiple guide
RNAs are provided as ribonucleoproteins (e. g., Cas9 nuclease molecules complexed with different
gRNAs to form different RNPs). In embodiments, each gRNA is provided as a ribonucleoprotein
(RNP) including the RNA-guided nuclease and an sgRNA. In embodiments, multiple guide RNAs
are provided, as well as a single polynucleotide donor molecule having a sequence to be integrated at
the resulting DSBs; in other embodiments, multiple guide RNAs are provided, as well as different
polynucleotide donor molecules having a sequence to be integrated at the resulting multiple DSBs.
[0148] In another embodiment, a detection method is provided for identifying a plant as having
been subjected to genomic modification according to a targeted modification method described
herein, where that modification method yields a low frequency of off-target mutations. The detection

method comprises a step of identifying the off-target mutations (¢.g., an insertion of a non-specific
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sequence, a deletion, or an indel resulting from the use of the targetting agents, or insertions of part or
all of a sequence encoded by one or more polynucleotide donor molecules at one or more coding or
non-coding loci in a genome). In a related embodiment, the detection method is used to track of
movement of a plant cell or plant or product thereof through a supply chain. The presence of such an
identified mutation in a processed product or commodity product is de facto evidence that the product
contains or is derived from a plant cell, plant, or seed of this invention. In related embodiments, the
presence of the off-target mutations are identified using PCR, a chip-based assay, probes specific for
the donor sequences, or any other technique known in the art to be useful for detecting the presence of
particular nucleic acid sequences.

[0149] The foregoing description and the examples presented in this disclosure describe the
subject matter of this invention, including the embodiments set forth in this paragraph as follows:
(Embodiment 1) a method of modifying a plant cell by creating a plurality of targeted modifications
in the genome of the plant cell, comprising: contacting the genome with one or more targeting agents,
wherein the one or more agents comprise or encode predetermined peptide or nucleic acid sequences,
wherein the predetermined peptide or nucleic acid sequences bind preferentially at or near
predetermined target sites within the plant genome, and wherein the binding facilitates the generation
of the plurality of targeted modifications within the genome; wherein the plurality of targeted
modifications occurs without an intervening step of separately identifying an individual modification
and without a step of separately selecting for the occurrence of an individual modification among the
plurality of targeted modifications mediated by the targeting agents; and wherein the targeted
modifications alter at least one trait of the plant cell, or at least one trait of a plant comprising the
plant cell, or at least one trait of a plant grown from the plant cell, or result in a detectable phenotype
in the modified plant cell; and wherein at least two of the targeted modifications are insertions of
predetermined sequences encoded by one or more polynucleotide donor molecules, and wherein at
least one of the polynucleotide donor molecules lacks homology to the genome sequences adjacent to
the site of insertion; (Embodiment 2) the method of embodiment (1), wherein at least one of the
polynucleotide donor molecules is a single stranded DNA molecule, a single stranded RNA molecule,
a single stranded DNA-RNA hybrid molecule, or a duplex RNA-DNA molecule; (Embodiment 3) the
method of embodiment (1) or (2), wherein the modified plant cell is a meristematic cell, embryonic
cell, or germline cell; (Embodiment 4) the method of any of embodiments (1), (2) or (3), wherein
repetition of the method results in an efficiency of at least 1%, wherein said efficiency is determined
by dividing the number of successfully targeted cells by the total number of cells targeted;
(Embodiment 5) a method of modifying a plant cell by creating a plurality of targeted modifications
in the genome of the plant cell, comprising: contacting the genome with one or more targeting agents,
wherein the one or more agents comprise or encode predetermined peptide or nucleic acid sequences,
wherein the predetermined peptide or nucleic acid sequences bind preferentially at or near

predetermined target sites within the plant genome, and wherein the binding facilitates the generation

77



WO 2018/140899 PCT/US2018/015793

of the plurality of targeted modifications within the genome; wherein the plurality of targeted
modifications occurs without an intervening step of separately identifying an individual modification
and without a step of separately selecting for the occurrence of an individual modification among the
plurality of targeted modifications mediated by the targeting agents; wherein the targeted
modifications improve at least one trait of the plant cell, or at least one trait of a plant comprising the
plant cell, or at least one trait of a plant grown from the plant cell, or result in a detectable phenotype
in the modified plant cell; and wherein at least one of the targeted modifications is an insertion of a
predetermined sequence encoded by one or more polynucleotide donor molecules, and wherein at
least one of the polynucleotide donor molecules is a single stranded DNA molecule, a single stranded
RNA molecule, a single stranded DNA-RNA hybrid molecule, or a duplex RNA-DNA molecule;
(Embodiment 6) the method of embodiment (5), wherein at least one of the polynucleotide donor
molecules lacks homology to the genome sequences adjacent to the site of insertion; (Embodiment 7)
the method of embodiments (5) or (6), wherein the modified plant cell is a meristematic cell,
embryonic cell, or germline cell; (Embodiment 8) the method of any of embodiments (5), (6) or (7),
wherein repetition of the method results in an efficiency of at least 1%, wherein said efficiency is
determined by dividing the number of successfully targeted cells by the total number of cells targeted;
(Embodiment 9) a method of modifying a plant cell by creating a plurality of targeted modifications
in the genome of the plant cell, comprising: contacting the genome with one or more targeting agents,
wherein the one or more agents comprise or encode predetermined peptide or nucleic acid sequences,
wherein the predetermined peptide or nucleic acid sequences bind preferentially at or near
predetermined target sites within the plant genome, and wherein the binding facilitates the generation
of the plurality of targeted modifications within the genome; wherein the plurality of modifications
occurs without an intervening step of separately identifying an individual modification and without a
step of separately selecting for the occurrence of an individual modification among the plurality of
targeted modifications mediated by the targeting agents; and wherein the targeted modifications
improve at least one trait of the plant cell, or at least one trait of a plant comprising the plant cell, or at
least one trait of a plant or seed obtained from the plant cell, or result in a detectable phenotype in the
modified plant cell; and wherein the modified plant cell is a meristematic cell, embryonic cell, or
germline cell; (Embodiment 10) the method of embodiment (9), wherein at least one of the targeted
modifications is an insertion of a predetermined sequence encoded by one or more polynucleotide
donor molecules, and wherein at least one of the polynucleotide donor molecules is a single stranded
DNA molecule, a single stranded RNA molecule, a single stranded DNA-RNA hybrid molecule, or a
duplex RNA-DNA molecule; (Embodiment 11) the method of embodiment (9) or (10), wherein at
least one of the polynucleotide donor molecules lacks homology to the genome sequences adjacent to
the site of insertion; (Embodiment 12) the method of any of embodiments (9), (10) or (11), wherein
repetition of the method results in an efficiency of at least 1%, wherein said efficiency is determined

by dividing the number of successfully targeted cells by the total number of cells targeted;
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(Embodiment 13) a method of modifying a plant cell by creating a plurality of targeted modifications
in the genome of the plant cell, comprising: contacting the genome with one or more targeting agents,
wherein the one or more agents comprise or encode predetermined peptide or nucleic acid sequences,
wherein the predetermined peptide or nucleic acid sequences bind preferentially at or near
predetermined target sites within the plant genome, and wherein the binding facilitates the generation
of the plurality of targeted modifications within the genome; wherein the plurality of modifications
occurs without an intervening step of separately identifying an individual modification and without a
step of separately selecting for the occurrence of an individual modification among the plurality of
targeted modifications mediated by the targeting agents; and wherein the targeted modifications
improve at least one trait of the plant cell, or at least one trait of a plant comprising the plant cell, or at
least one trait of a plant or seed obtained from the plant cell, or result in a detectable phenotype in the
modified plant cell; and wherein repetition of the aforementioned steps results in an efficiency of at
least 1%, wherein said efficiency is determined by dividing the number of successfully targeted cells
by the total number of cells targeted; (Embodiment 14) the method of embodiment (13), wherein the
modified plant cell is a meristematic cell, embryonic cell, or germline cell; (Embodiment 15) the
method of embodiment (13) or (14), wherein at least one of the targeted modifications is an insertion
of a predetermined sequence encoded by one or more polynucleotide donor molecules, and wherein at
least one of the polynucleotide donor molecules is a single stranded DNA molecule, a single stranded
RNA molecule, a single stranded DNA-RNA hybrid molecule, or a duplex RNA-DNA molecule;
(Embodiment 16) the method of any of embodiments (13), (14), or (15), wherein at least one of the
polynucleotide donor molecules lacks homology to the genome sequences adjacent to the site of
insertion; (Embodiment 17) the method of any of embodiments (1)-(16), wherein at least one of the
targeted modifications is an insertion between 3 and 400 nucleotides in length, between 10 and 350
nucleotides in length, between 18 and 350 nucleotides in length, between 18 and 200 nucleotides in
length, between 10 and 150 nucleotides in length, or between 11 and 100 nucleotides in length;
(Embodiment 18) the method of embodiment (17), wherein two of the targeted modifications are
insertions between 10 and 350 nucleotides in length, between 18 and 350 nucleotides in length,
between 18 and 200 nucleotides in length, between 10 and 150 nucleotides in length, or between 11
and 100 nucleotides in length; (Embodiment 19) the method of any of embodiments (1)-(18),
comprising at least two insertions, wherein at least one of the insertions is an upregulatory sequence;
(Embodiment 20) the method of any of embodiments (1)-(18), comprising the insertion or creation of
at least one transcription factor binding site; (Embodiment 21) the method of any of embodiments (1)-
(20), comprising the insertion or insertions of predetermined sequences, wherein the insertion or
insertions of predetermined sequences are accompanied by the deletion of sequences from the plant
genome; (Embodiment 22) the method of any of embodiments (1)-(21) further comprising obtaining a
plant from the modified plant cell and breeding the plant; (Embodiment 23) the method of any of

embodiments (1)-(21), further comprising a step of introducing additional genetic or epigenetic
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changes into the modified plant cell or into a plant grown from the modified plant cell; (Embodiment
24) the method of any of embodiments (1)-(23), comprising introducing at least two targeted
insertions, wherein at least two of the targeted insertions independently up- or down-regulate the
expression of two or more distinct genes; (Embodiment 25) the method of any of embodiments (1)-
(24), wherein the donor polynucleotide is tethered to a crRNA by a covalent bond, a non-covalent
bond, or a combination of covalent and non-covalent bonds; (Embodiment 26) the method of any of
embodiments (1)-(25), wherein a loss of epigenetic marks after modifying occurs in less than 0.01%
of the genome; (Embodiment 27) the method of any of embodiments (1)-(25), wherein the genome of
the modified plant cell is more than 99.9% identical to the genome of the parent cell; (Embodiment
28) the method of any of embodiments (1)-(27), wherein at least one of the targeted modifications is
an insertion, and wherein at least one insertion is in a region of the genome that is recalcitrant to
meiotic or mitotic recombination; (Embodiment 29) the method of any of embodiments (1)-(28),
wherein the cell is a member of a pool of cells being targeted, and wherein the modified cells within
the pool are characterized by sequencing after targeting; (Embodiment 30) the method of any of
embodiments (1)-(29), wherein at least one DSB is introduced into the genome by at least one of the
group consisting of: (a) a nuclease selected from the group consisting of an RNA-guided nuclease, an
RNA-guided DNA endonuclease, a type Il Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a
CasY, a CasX, a C2¢l, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-finger
nuclease (ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an
Argonaute, a meganuclease, an engineered meganuclease, a recombinase, integrase, and a
transposase; (b) a polynucleotide encoding one or more nucleases capable of effecting site-specific
alteration of a target nucleotide sequence; and (c¢) a guide RNA (gRNA) for an RNA-guided nuclease,
and a DNA encoding a gRNA for an RNA-guided nuclease; (Embodiment 31) The method of any of
embodiments (1)-(29), wherein at least one DSB is introduced into the genome by at least one at least
ong treatment selected from the group consisting of: (a) bacterially mediated (e. g., Agrobacterium
sp., Rhizobium sp., Sinorhizobium sp., Mesorhizobium sp., Bradyrhizobium sp., Azobacter sp.,
Phyllobacterium sp.) transfection; (b) Biolistics or particle bombardment; (¢) treatment with at least
one chemical, enzymatic, or physical agent; and (d) application of heat or cold, ultrasonication,
centrifugation, positive or negative pressure, cell wall or membrane disruption or deformation, or
electroporation; (Embodiment 32) the method of any of embodiments (1)-(31), wherein at least one
DSB is introduced in the genome: (a) within a sequence of interest, (b) upstream of a sequence of
interest, or (¢) downstream of a sequence of interest; (Embodiment 33) the method of embodiment
(32), wherein a polynucleotide molecule, when integrated into the genome, is functionally or operably
linked to the sequence of interest; (Embodiment 34) the method of embodiment (33), wherein the
sequence of interest comprises coding sequence, non-coding sequence, or a combination of coding
and non-coding sequence; (Embodiment 35) the method of embodiment (32), wherein the at least one

DSB is two or more DSBs; (Embodiment 36) the method of embodiment (35), wherein the
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polynucleotide molecule that is integrated into each of the two or more DSBs is (a) identical, or (b)
different, for each of the DSBs; (Embodiment 37) the method of embodiment (33), wherein the
polynucleotide molecule comprises at least one of the nucleotide sequences selected from the group
consisting of: (a) DNA or RNA encoding at least one stop codon, or at least one stop codon on each
strand, or at least one stop codon within each reading frame on each strand; (b) DNA or RNA
encoding heterologous primer sequence; (¢) DNA or RNA encoding a unique identifier sequence; (d)
DNA or RNA encoding a transcript-stabilizing sequence; (¢) DNA or RNA encoding a transcript-
destabilizing sequence; (f) a DNA or RNA aptamer, or DNA encoding an RNA aptamer, or DNA or
RNA encoding an amino acid aptamer; and (g) DNA or RNA encoding a sequence recognizable by a
specific binding agent; (Embodiment 38) the method of embodiment (33) wherein the polynucleotide
molecule comprises DNA or RNA encoding a sequence recognizable by a specific binding agent, and
wherein contacting the integrated polynucleotide molecule with the specific binding agent results in a
change of expression of the sequence of interest; (Embodiment 39) the method of embodiment (38)
wherein: (a) the sequence recognizable by a specific binding agent comprises an auxin response
element sequence, the specific binding agent is an auxin, and the change of expression is
upregulation; (b) the sequence recognizable by a specific binding agent comprises at least one D1-4
sequence, the specific binding agent is an auxin, and the change of expression is upregulation; (c) the
sequence recognizable by a specific binding agent comprises at least one DRS sequence, the specific
binding agent is an auxin, and the change of expression is upregulation; (d) the sequence recognizable
by a specific binding agent comprises at least one m5-DRS5 sequence, the specific binding agent is an
auxin, and the change of expression is upregulation; (¢) the sequence recognizable by a specific
binding agent comprises at least one P3 sequence, the specific binding agent is an auxin, and the
change of expression is upregulation; (f) the sequence recognizable by a specific binding agent
comprises a small RNA recognition site sequence, the specific binding agent is the corresponding
small RNA, and the change of expression is downregulation; (g) the sequence recognizable by a
specific binding agent comprises a microRNA (miRNA) recognition site sequence, the specific
binding agent is the corresponding mature miRNA, and the change of expression is downregulation;
(h) the sequence recognizable by a specific binding agent comprises a microRNA (miRNA)
recognition site sequence for an engineered miRNA, the specific binding agent is the corresponding
engineered mature miRNA | and the change of expression is downregulation; (i) the sequence
recognizable by a specific binding agent comprises a transposon recognition sequence, the specific
binding agent is the corresponding transposon, and the change of expression is upregulation or
downregulation; (j) the sequence recognizable by a specific binding agent comprises an ethylene-
responsive element binding-factor-associated amphiphilic repression (EAR) motif sequence, the
specific binding agent is ERF (ethylene-responsive element binding factor) or co-repressor, and the
change of expression is downregulation; (k) the sequence recognizable by a specific binding agent

comprises a splice site sequence, the specific binding agent is a spliceosome, and the change of
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expression is expression of a spliced transcript; (1) the sequence recognizable by a specific binding
agent comprises a site-specific recombinase recognition site sequence, the specific binding agent is
the corresponding site-specific recombinase, and the change of expression is upregulation or
downregulation or expression of a transcript having an altered sequence; (m) the sequence
recognizable by a specific binding agent comprises sequence encoding an RNA aptamer or an RNA
riboswitch, the specific binding agent is the corresponding ligand, and the change in expression is
upregulation or downregulation; (n) the sequence recognizable by a specific binding agent is a
hormone responsive element, the specific binding agent is a hormone, and the change in expression is
upregulation or downregulation; or (o) the sequence recognizable by a specific binding agent is a
transcription factor binding sequence, the specific binding agent is the corresponding transcription
factor, and the change in expression is upregulation or downregulation; (Embodiment 40) the method
of embodiment (38) wherein the polynucleotide molecule comprises a nucleotide sequence that
encodes an RNA molecule or an amino acid sequence that is recognizable by a specific binding agent;
(Embodiment 41) the method of embodiment (38), wherein the polynucleotide molecule comprises a
nucleotide sequence that encodes an RNA molecule or an amino acid sequence that binds specifically
to a ligand; (Embodiment 42) the method of embodiment (37), wherein the polynucleotide molecule
encodes at least one stop codon on each strand; (Embodiment 43) the method of embodiment (37),
wherein the polynucleotide molecule encodes at least one stop codon within each reading frame on
cach strand; (Embodiment 44) the method of embodiment (37), wherein the polynucleotide molecule
comprises at least partially self-complementary sequence, such that the polynucleotide molecule
encodes a transcript that is capable of forming at least partially double-stranded RNA ; (Embodiment
45) the method of embodiment (37) wherein the polynucleotide molecule comprises a nucleotide
sequence that is responsive to a specific change in the physical environment, and wherein exposing
the integrated polynucleotide molecule to the specific change in the physical environment results in a
change of expression of the sequence of interest; (Embodiment 46) the method of embodiment (45),
wherein the specific change in the physical environment is at least one of: a change in light intensity
or quality, a change in temperature, a change in pressure, a change in osmotic concentration, or a
change in day length; (Embodiment 47) the method of embodiment (37), wherein the polynucleotide
molecule comprises a nucleotide sequence encoding an RNA molecule or an amino acid sequence that
is responsive to a specific change in the physical environment; (Embodiment 48) the method of
embodiment (47), wherein the polynucleotide molecule encodes a Light-Oxygen-Voltage domain;
(Embodiment 49) the method of embodiment (30), wherein each gRNA is provided as a
polynucleotide composition comprising: (a) a CRISPR RNA (crRNA) that comprises the gRNA, ora
polynucleotide that encodes a crRNA, or a polynucleotide that is processed into a crRNA; or (b) a
single guide RNA (sgRNA) that comprises the gRNA, or a polynucleotide that encodes a sgRNA, or a
polynucleotide that is processed into a sgRNA; (Embodiment 50) the method of embodiment (49),
wherein each gRNA is provided as a ribonucleoprotein (RNP) comprising the RNA-guided nuclease
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and an sgRNA; (Embodiment 51) the method of embodiment (32), wherein: (a) the at least one DSB
is two blunt-ended DSBs, resulting in deletion of genomic sequence between the two blunt-ended
DSBs, and wherein the polynucleotide molecule is selected from the group consisting of a blunt-
ended double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, and a
blunt-ended double-stranded DNA/RNA hybrid and is integrated into the genome between the two
blunt-ended DSBs; (b) the at least one DSB is two DSBs, wherein the first DSB is blunt-ended and
the second DSB has an overhang, resulting in deletion of genomic sequence between the two DSBs,
and wherein the polynucleotide molecule is a double-stranded DNA or double-stranded DNA/RNA
hybrid that is blunt-ended at one terminus and has an overhang on the other terminus, or is a single-
stranded DNA or a single-stranded DNA/RNA hybrid, and is integrated into the genome between the
two DSBs; (c) the at least one DSB is two DSBs, each having an overhang, resulting in deletion of
genomic sequence between the two DSBs, and wherein the polynucleotide molecule is a double-
stranded DNA or double-stranded DNA/RNA hybrid that has an overhang at each terminus or is a
single-stranded DNA or a single-stranded DNA/RNA hybrid, and is integrated into the genome
between the two DSBs; (Embodiment 52) an modified plant cell resulting from the method of any
embodiments (1) — (51); (Embodiment 53) an modified plant grown from an modified plant cell of
embodiment (52); (Embodiment 54) the modified plant cell of embodiment (52), wherein the
modified plant cell comprises at least two precise and separately targeted insertions in its genome,
wherein the insertions are determined relative to a parent plant cell, and wherein the modified plant
cell is devoid of mitotically or meiotically generated genetic or epigenetic changes relative to the
parent plant cell; (Embodiment 55) an modified plant cell, wherein the modified plant cell comprises
at least two precise and separately targeted insertions in its genome, wherein the insertions are
determined relative to a parent plant cell, and wherein the modified plant cell is devoid of mitotically
or meiotically generated genetic or epigenetic changes relative to the parent plant cell; (Embodiment
56) a method of manufacturing a processed plant product, comprising: (a) modifying a plant cell
according to the method of any one of the preceding embodiments, (b) growing an modified plant
from said plant cell, and (¢) processing the modified plant into a processed product, thereby
manufacturing a processed plant product; (Embodiment 57) the method of embodiment (56), wherein
the processed product is meal, oil, juice, sugar, starch, fiber, an extract, wood or wood pulp, flour, or
cloth; (Embodiment 58) the method of embodiment (56) or (57), further comprising packaging said
product; (Embodiment 59) a method of manufacturing a plant product, comprising: (a) modifying a
plant cell according to the method of any one of embodiments 1-51, (b) growing an modified plant
from said plant cell, (¢) harvesting a product of the modified plant, thereby manufacturing a plant
product; (Embodiment 60) the method of embodiment (59), wherein the plant product is a product
selected from the group consisting of leaves, fruit, vegetables, nuts, seeds, oil, wood, flowers, cones,
branches, hay, fodder, silage, stover, straw and pollen; (Embodiment 61) the method of embodiment

(59) or (60), further comprising packaging said plant product; (Embodiment 62) an isolated donor

83



WO 2018/140899 PCT/US2018/015793

polynucleotide, gRNA or crRNA selected from the polynucleotides described in the Examples herein;
(Embodiment 63) the method of any of embodiments (1)-(51) comprising the use of a donor
polynucleotide, gRNA or crRNA described in the Examples herein; (Embodiment 64) a method of
changing expression of a sequence of interest in a genome, comprising integrating a sequence
encoded by a polynucleotide donor molecule at the site of at least one double-strand break (DSB) in a
genome, wherein the polynucleotide donor molecule is selected from the group consisting of a
double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, and a double-
stranded DNA/RNA hybrid; (Embodiment 65) the method of embodiment (64), wherein the genome
is that of a plant; (Embodiment 66) the method of embodiment (65), wherein the genome is that of a
nucleus, mitochondrion, or plastid in a plant cell; (Embodiment 67) the method of embodiment (64),
wherein the at least one DSB is introduced into the genome by at least one of the group consisting of:
(a) a nuclease selected from the group consisting of an RNA-guided nuclease, an RNA-guided DNA
endonuclease, a type Il Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a CasX, a C2c¢l,
a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-finger nuclease (ZFN), a
transcription activator-like effector nuclease (TAL-effector nuclease), an Argonaute, and a
meganuclease or engineered meganuclease; (b) a polynucleotide encoding one or more nucleases
capable of effecting site-specific alteration of a target nucleotide sequence; and (c) a guide RNA
(gRNA) for an RNA-guided nuclease, or a DNA encoding a gRNA for an RNA-guided nuclease;
(Embodiment 68) the method of embodiment (64), wherein the at least one DSB is introduced into the
genome by at least one treatment selected from the group consisting of: (a) bacterially mediated (e. g.,
Agrobacterium sp., Rhizobium sp., Sinorhizobium sp., Mesorhizobium sp., Bradyrhizobium sp.,
Azobacter sp., Phyllobacterium sp.) transfection; (b) Biolistics or particle bombardment; (c) treatment
with at least one chemical, enzymatic, or physical agent; and (d) application of heat or cold,
ultrasonication, centrifugation, positive or negative pressure, cell wall or membrane disruption or
deformation, or electroporation; (Embodiment 69) the method of embodiment (64), wherein the at
least one DSB in a genome is located: (a) within the sequence of interest, (b) upstream of the
sequence of interest, or (¢) downstream of the sequence of interest; (Embodiment 70) the method of
embodiment (64), wherein the sequence encoded by the polynucleotide donor molecule, when
integrated into the genome, is functionally or operably linked to the sequence of interest;
(Embodiment 71) the method of embodiment (64), wherein the sequence of interest comprises coding
sequence, non-coding sequence, or a combination of coding and non-coding sequence; (Embodiment
72) the method of embodiment (64), wherein the at least one DSB is two or more DSBs;
(Embodiment 73) the method of embodiment (72), wherein the sequence encoded by the
polynucleotide donor molecule that is integrated into each of the two or more DSBs is (a) identical, or
(b) different, for each of the DSBs; (Embodiment 74) the method of embodiment (64), wherein the
sequence encoded by the polynucleotide donor molecule comprises at least one of the nucleotide

sequences selected from the group consisting of: (a) DNA or RNA encoding at least one stop codon,
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or at least one stop codon on each strand, or at least one stop codon within each reading frame on each
strand; (b) DNA or RNA encoding heterologous primer sequence; (¢) DNA or RNA encoding a
unique identifier sequence; (d) DNA or RNA encoding a transcript-stabilizing sequence; (¢) DNA or
RNA encoding a transcript-destabilizing sequence; (f) a DNA or RNA aptamer, or DNA encoding an
RNA aptamer, or DNA or RNA encoding an amino acid aptamer; and (g) DNA or RNA encoding a
sequence recognizable by a specific binding agent; (Embodiment 75) the method of embodiment (64),
wherein the sequence encoded by the polynucleotide donor molecule comprises DNA or RNA
encoding a sequence recognizable by a specific binding agent, and wherein contacting the integrated
sequence encoded by the polynucleotide donor molecule with the specific binding agent results in a
change of expression of the sequence of interest; (Embodiment 76) the method of embodiment (75),
wherein: (a) the sequence recognizable by a specific binding agent comprises an auxin response
element sequence, the specific binding agent is an auxin, and the change of expression is
upregulation; (b) the sequence recognizable by a specific binding agent comprises at least one D1-4
sequence, the specific binding agent is an auxin, and the change of expression is upregulation; (c) the
sequence recognizable by a specific binding agent comprises at least one DRS sequence, the specific
binding agent is an auxin, and the change of expression is upregulation; (d) the sequence recognizable
by a specific binding agent comprises at least one m5-DRS5 sequence, the specific binding agent is an
auxin, and the change of expression is upregulation; (¢) the sequence recognizable by a specific
binding agent comprises at least one P3 sequence, the specific binding agent is an auxin, and the
change of expression is upregulation; (f) the sequence recognizable by a specific binding agent
comprises a small RNA recognition site sequence, the specific binding agent is the corresponding
small RNA, and the change of expression is downregulation; (g) the sequence recognizable by a
specific binding agent comprises a microRNA (miRNA) recognition site sequence, the specific
binding agent is the corresponding mature miRNA, and the change of expression is downregulation;
(h) the sequence recognizable by a specific binding agent comprises a microRNA (miRNA)
recognition site sequence for an engineered miRNA, the specific binding agent is the corresponding
engineered mature miRNA | and the change of expression is downregulation; (i) the sequence
recognizable by a specific binding agent comprises a transposon recognition sequence, the specific
binding agent is the corresponding transposon, and the change of expression is upregulation or
downregulation; (j) the sequence recognizable by a specific binding agent comprises an ethylene-
responsive element binding-factor-associated amphiphilic repression (EAR) motif sequence, the
specific binding agent is ERF (ethylene-responsive element binding factor) or co-repressor, and the
change of expression is downregulation; (k) the sequence recognizable by a specific binding agent
comprises a splice site sequence, the specific binding agent is a spliceosome, and the change of
expression is expression of a spliced transcript; (1) the sequence recognizable by a specific binding
agent comprises a site-specific recombinase recognition site sequence, the specific binding agent is

the corresponding site-specific recombinase, and the change of expression is upregulation or
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downregulation or expression of a transcript having an altered sequence; (m) the sequence
recognizable by a specific binding agent comprises sequence encoding an RNA aptamer or an RNA
riboswitch, the specific binding agent is the corresponding ligand, and the change in expression is
upregulation or downregulation; (n) the sequence recognizable by a specific binding agent is a
hormone responsive element, the specific binding agent is a hormone, and the change in expression is
upregulation or downregulation; or (o) the sequence recognizable by a specific binding agent is a
transcription factor binding sequence, the specific binding agent is the corresponding transcription
factor, and the change in expression is upregulation or downregulation; (Embodiment 77) the method
of embodiment (75), wherein the sequence encoded by the polynucleotide donor molecule comprises
a nucleotide sequence that encodes an RNA molecule or an amino acid sequence that is recognizable
by a specific binding agent; (Embodiment 78) the method of embodiment (75), wherein the sequence
encoded by the polynucleotide donor molecule comprises a nucleotide sequence that encodes an RNA
molecule or an amino acid sequence that binds specifically to a ligand; (Embodiment 79) the method
of embodiment (64), wherein the polynucleotide donor molecule encodes at least one stop codon on
each strand; (Embodiment 80) the method of embodiment (64), wherein the polynucleotide donor
molecule encodes at least one stop codon within each reading frame on each strand; (Embodiment 81)
the method of embodiment (64), wherein the polynucleotide donor molecule comprises at least
partially self-complementary sequence, such that the polynucleotide donor molecule encodes a
transcript that is capable of forming at least partially double-stranded RNA ; (Embodiment 82) the
method of embodiment (64), wherein the polynucleotide donor molecule comprises a nucleotide
sequence that is responsive to a specific change in the physical environment, and wherein exposing
the integrated sequence encoded by the polynucleotide donor molecule to the specific change in the
physical environment results in a change of expression of the sequence of interest; (Embodiment 83)
the method of embodiment (82), wherein the specific change in the physical environment is at least
one of: a change in light intensity or quality, a change in temperature, a change in pressure, a change
in osmotic concentration, or a change in day length; (Embodiment 84) the method of embodiment
(64), wherein the sequence encoded by the polynucleotide donor molecule comprises a nucleotide
sequence encoding an RNA molecule or an amino acid sequence that is responsive to a specific
change in the physical environment; (Embodiment 85) the method of embodiment (84), wherein the
sequence encoded by the polynucleotide donor molecule encodes a Light-Oxygen-Voltage domain;
(Embodiment 86) a plant cell comprising in its genome a heterologous DNA sequence that comprises:
(a) nucleotide sequence of a polynucleotide donor molecule integrated by the method of embodiment
(64) at the site of a DSB in a genome; and (b) genomic nucleotide sequence adjacent to the site of the
DSB; (Embodiment 87) a plant comprising the plant cell of embodiment (86); (Embodiment 88) a
processed or commodity product of the plant of embodiment (87); (Embodiment 89) a heterologous
nucleotide sequence comprising: (a) nucleotide sequence of a polynucleotide donor molecule

integrated by the method of embodiment (64) at the site of a DSB in a genome, and (b) genomic

36



WO 2018/140899 PCT/US2018/015793

nucleotide sequence adjacent to the site of the DSB; (Embodiment 90) a plasmid, vector, or
chromosome comprising the heterologous nucleotide sequence of embodiment (89); (Embodiment 91)
a polymerase primer for amplification of the heterologous nucleotide sequence of embodiment (89);
(Embodiment 92) a composition comprising: (a) a plant cell; and (b) a polynucleotide donor molecule,
wherein the polynucleotide donor molecule is selected from the group consisting of a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, and a double-stranded DNA/RNA
hybrid, and wherein sequence encoded by the polynucleotide donor molecule is capable of being
integrated at the DSB; (Embodiment 93) the composition of embodiment (92), wherein the plant cell
is an isolated plant cell or plant protoplast; (Embodiment 94) the composition of embodiment (92),
wherein the plant cell is a plant cell capable of division or differentiation; (Embodiment 95) the
composition of embodiment (92), wherein the plant cell comprises a double-strand break (DSB) in its
genome; (Embodiment 96) the composition of embodiment (95), wherein the DSB is induced by
providing a DSB-inducing agent to the plant cell; (Embodiment 97) the composition of embodiment
(96), wherein the DSB-inducing agent is at least one of the group consisting of’ (a) a nuclease selected
from the group consisting of an RNA-guided nuclease, an RNA-guided DNA endonuclease, a type 11
Cas nuclease, a Cas9, atype V Cas nuclease, a Cpfl, a CasY, a CasX, a C2cl, a C2¢3, an engincered
nuclease, a codon-optimized nuclease, a zinc-finger nuclease (ZFN), a transcription activator-like
effector nuclease (TAL-effector nuclease), an Argonaute, and a meganuclease or engineered
meganuclease; (b) a polynucleotide encoding one or more nucleases capable of effecting site-specific
alteration of a target nucleotide sequence; and (c¢) a guide RNA (gRNA) for an RNA-guided nuclease,
or a DNA encoding a gRNA for an RNA-guided nuclease; (Embodiment 98) the composition of
embodiment (92), wherein the polynucleotide donor molecule is: (a) a double-stranded DNA or
double-stranded DNA/RNA hybrid molecule that is blunt-ended or that contains one or more terminal
overhangs; (b) a single-stranded DNA or single-stranded DNA/RNA hybrid molecule; or (¢) modified
at one or both termini with at least one phosphorothioate bond between adjacent nucleotides;
(Embodiment 99) the composition of embodiment (92), wherein sequence encoded by the
polynucleotide donor molecule comprises: (a) a nucleotide sequence that is recognizable by a specific
binding agent; (b) a nucleotide sequence encoding an RNA molecule or an amino acid sequence that
is recognizable by a specific binding agent; (¢) a nucleotide sequence that encodes an RNA molecule
or an amino acid sequence that binds specifically to a ligand; (d) a nucleotide sequence that is
responsive to a specific change in the physical environment; or (¢) a nucleotide sequence encoding an
RNA molecule or an amino acid sequence that is responsive to a specific change in the physical
environment; (f) a nucleotide sequence encoding at least one stop codon on each strand; (g) a
nucleotide sequence encoding at least one stop codon within each reading frame on each strand; or (h)
at least partially self-complementary sequence, such that the polynucleotide molecule encodes a
transcript that is capable of forming at least partially double-stranded RNA; or (i) a combination of

any of (a) - (h); (Embodiment 100) a reaction mixture comprising: (a) a plant cell having a double-
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strand break (DSB) at a locus in its genome; and (b) a polynucleotide donor molecule encoding
sequence capable of being integrated at the DSB, with a length of between about 18 to about 300
nucleotides or base-pairs, or between about 30 to about 100 nucleotides or base-pairs; wherein
sequence encoded by the polynucleotide donor molecule, if integrated at the DSB, forms a
heterologous insertion; (Embodiment 101) the reaction mixture of embodiment (100), wherein the
plant cell is an isolated plant cell or plant protoplast; (Embodiment 102) the reaction mixture of
embodiment (100), wherein sequence encoded by the polynucleotide donor molecule comprises: (a) a
nucleotide sequence that is recognizable by a specific binding agent; (b) a nucleotide sequence
encoding an RNA molecule or an amino acid sequence that is recognizable by a specific binding
agent; (¢) a nucleotide sequence that encodes an RNA molecule or an amino acid sequence that binds
specifically to a ligand; (d) a nucleotide sequence that is responsive to a specific change in the
physical environment; or (¢) a nucleotide sequence encoding an RNA molecule or an amino acid
sequence that is responsive to a specific change in the physical environment; (f) a nucleotide sequence
encoding at least one stop codon on each strand; (g) a nucleotide sequence encoding at least one stop
codon within each reading frame on each strand; or (h) at least partially self-complementary sequence,
such that the polynucleotide molecule encodes a transcript that is capable of forming at least partially
double-stranded RNA; or (i) a combination of any of (a) - (h); (Embodiment 103) a polynucleotide for
disrupting gene expression, wherein the polynucleotide is double-stranded and comprises at least 18
contiguous base-pairs, or is single-stranded and comprises at least 11 contiguous nucleotides; and
wherein the polynucleotide encodes at least one stop codon in each possible reading frame on each
strand; (Embodiment 104) the polynucleotide of embodiment (102), wherein the polynucleotide is a
double-stranded DNA (dsDNA) or a double-stranded DNA/RNA hybrid molecule comprising at least
18 contiguous base-pairs, or is a single-stranded DNA (ssDNA) or a single-stranded DNA/RNA
hybrid molecule, and encodes at least one stop codon in each possible reading frame on either strand;
(Embodiment 105) the polynucleotide of embodiment (102), wherein the polynucleotide is double-
stranded and blunt-ended, or is double-stranded and contains one or more terminal overhangs, or is
modified at one or both termini with at least one phosphorothioate bond between adjacent nucleotides;
(Embodiment 106) the polynucleotide of embodiment (102), wherein the polynucleotide is double-
stranded and each strand comprises at least 18 and fewer than 200 contiguous base-pairs, or wherein
the polynucleotide is single-stranded and comprises at least 11 and fewer than 200 contiguous
nucleotides, and wherein the number of nucleotides or base-pairs is not divisible by 3, and wherein
cach strand encodes at least one stop codon in each possible reading frame in the 5' to 3' direction;
(Embodiment 107) the polynucleotide of embodiment (103), wherein the polynucleotide comprises at
least one chemical modification; (Embodiment 108) a method of identifying the locus of at least one
double-stranded break (DSB) in genomic DNA in a cell comprising the genomic DNA, the method
comprising (a) contacting the genomic DNA having a DSB with a polynucleotide donor molecule,

wherein sequence encoded by the polynucleotide donor molecule is capable of being integrated at the
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DSB, and wherein the polynucleotide donor molecule has a length of between 2 to about 500 base-
pairs (if double-stranded) or nucleotides (if single-stranded), or between about 18 to about 300 base-
pairs (if double-stranded) or nucleotides (if single-stranded), or between about 30 to about 100 base-
pairs (if double-stranded) or nucleotides (if single-stranded); and wherein the sequence encoded by
the polynucleotide donor molecule, if integrated at the DSB, forms a heterologous insertion; (b) using
at least part of the sequence encoded by the polynucleotide donor molecule as a target for PCR
primers to allow amplification of DNA in the locus of the double-stranded break; (Embodiment 109)
the method of embodiment (108), wherein sequence encoded by the polynucleotide donor molecule,
when integrated at the DSB, imparts a functional trait or detectable phenotype to the cell comprising
the genomic DNA, or to an organism comprising the cell; (Embodiment 110) a method of identifving
the locus of double-stranded breaks (DSBs) in genomic DNA in a pool of cells, wherein the pool of
cells comprises cells having genomic DNA with sequence encoded by a polynucleotide donor
molecule inserted at the locus of the double-stranded breaks; wherein the sequence encoded by the
polynucleotide donor molecule is capable of being integrated at the DSB, and wherein the
polynucleotide donor molecule has a length of between 2 to about 500 base-pairs (if double-stranded)
or nucleotides (if single-stranded), or between about 18 to about 300 base-pairs (if double-stranded) or
nucleotides (if single-stranded), or between about 30 to about 100 base-pairs (if double-stranded) or
nucleotides (if single-stranded); wherein the sequence encoded by the polynucleotide donor molecule,
if integrated at the DSB, forms a heterologous insertion; and wherein the sequence encoded by the
polynucleotide molecule is used as a target for PCR primers to allow amplification of DNA in the
region of said double-stranded breaks; (Embodiment 111) the method of embodiment (110), wherein
the pool of cells is a population of plant cells or plant protoplasts; (Embodiment 112) the method of
embodiment (110), wherein the genomic DNA is that of a nucleus, mitochondrion, or plastid;
(Embodiment 113) the method of embodiment (110), wherein the pool of cells is a population of plant
cells or plant protoplasts, wherein the population of plant cells or plant protoplasts comprise multiple
different DSBs in the genome; (Embodiment 114) the method of embodiment (113), wherein each of
the different DSBs is introduced by a different guide RNA; (Embodiment 115) a method of
identifying the nucleotide sequence of a locus in the genome that is associated with a phenotype, the
method comprising: (a) providing to a population of cells having the genome: (i) multiple different
guide RNAs (gRNAs) to induce multiple different double strand breaks (DSBs) in the genome,
wherein each DSB is produced by an RNA-guided nuclease guided to a locus on the genome by one
of the gRNAs, and (i1) polynucleotide donor molecules having a defined nucleotide sequence, wherein
sequence encoded by the polynucleotide molecules is capable of being integrated into the DSBs by
non-homologous end-joining (NHEJ); whereby when sequence encoded by at least some of the
polynucleotide molecules is inserted into at least some of the DSBs, a genetically heterogeneous
population of cells is produced; (b) selecting from the genetically heterogeneous population of cells a

subset of cells that exhibit a phenotype of interest; (¢) using a pool of PCR primers that bind to
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sequence encoded by the polynucleotide molecules to amplify from the subset of cells DNA from the
locus of a DSB into which sequence encoded by one of the polynucleotide molecules has been
inserted; and (d) sequencing the amplified DNA to identify the locus associated with the phenotype of
interest; (Embodiment 116) the method of embodiment (115), wherein the genetically heterogeneous
population of cells undergoes one or more doubling cycles; (Embodiment 117) the method of
embodiment (115), wherein the genetically heterogencous population of cells is subjected to
conditions permitting expression of the phenotype of interest; (Embodiment 118) the method of
embodiment (115), wherein the RNA-guided nuclease or a polynucleotide that encodes the RNA-
guided nuclease is exogenously provided to the population of cells; (Embodiment 119) the method of
embodiment (115), wherein each gRNA 1is provided as a polynucleotide composition comprising: (a)
a CRISPR RNA (crRNA) that comprises the gRNA, or a polynucleotide that encodes a crRNA, or a
polynucleotide that is processed into a crRNA; or (b) a single guide RNA (sgRNA) that comprises the
gRNA, or a polynucleotide that encodes a sgRNA, or a polynucleotide that is processed into a
sgRNA; (Embodiment 120) the method of embodiment (115), wherein each gRNA is provided as a
ribonucleoprotein (RNP) comprising the RNA-guided nuclease and an sgRNA; (Embodiment 121) the
method of embodiment (72), wherein: (a) the at least one DSB is two blunt-ended DSBs, resulting in
deletion of genomic sequence between the two blunt-ended DSBs, and wherein the polynucleotide
donor molecule is selected from the group consisting of a blunt-ended double-stranded DNA, a single-
stranded DNA, a single-stranded DNA/RNA hybrid, and a blunt-ended double-stranded DNA/RNA
hybrid, and wherein sequence encoded by the polynucleotide donor molecule is integrated into the
genome between the two blunt-ended DSBs; (b) the at least one DSB is two DSBs, wherein the first
DSB is blunt-ended and the second DSB has an overhang, resulting in deletion of genomic sequence
between the two DSBs, and wherein the polynucleotide donor molecule is a double-stranded DNA or
double-stranded DNA/RNA hybrid that is blunt-ended at one terminus and has an overhang on the
other terminus, or is a single-stranded DNA or a single-stranded DNA/RNA hybrid, and wherein
sequence encoded by the polynucleotide donor molecule is integrated into the genome between the
two DSBs; (c) the at least one DSB is two DSBs, each having an overhang, resulting in deletion of
genomic sequence between the two DSBs, and wherein the polynucleotide donor molecule is a
double-stranded DNA or double-stranded DNA/RNA hybrid that has an overhang at each terminus or
is a single-stranded DNA or a single-stranded DNA/RNA hybrid, and wherein sequence encoded by
the polynucleotide donor molecule is integrated into the genome between the two DSBs;
(Embodiment 122) the method of embodiment (72), wherein the at least one DSB is two DSBs, and
wherein sequence encoded by the polynucleotide donor molecule comprises at least one recombinase
recognition site sequence and is integrated at each of the two DSBs; (Embodiment 123) the method of
embodiment (72), further comprising providing (a) the recombinase corresponding to the at least one
recombinase recognition site sequence, and (b) a polynucleotide donor molecule encoding a

replacement sequence and comprising at or near each terminus a recombinase recognition site
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sequence that is homospecific to at least one of the recombinase recognition site sequences integrated
at each of the two DSBs; whereby the recombinase mediates replacement of the genomic sequence
located between the two DSBs with the replacement sequence; (Embodiment 124) a modified maize
cell comprising a targeted modification in a gene, wherein the targeted modification is a replacement
of EPSPS exon 2, wherein the targeted modification results in increased resistance to glyphosate;
(Embodiment 125) a modified maize cell comprising two targeted modifications in two different
genes, wherein the targeted modifications are an insertion of a nitrogen responsive element in AMT3
gene and an insertion of an OCS homologue in L¢ gene, wherein the targeted modifications result in
increased nitrogen use efficiency (NUE); (Embodiment 126) a modified maize cell comprising three
targeted modifications in three different genes, wherein the targeted modifications are an insertion of
a nitrogen responsive element in Dofl gene, an insertion of a nitrogen responsive element in NRT2.2
gene, and an insertion of a nitrogen responsive element in Glnl .4 gene, wherein the targeted
modifications result in increased nitrogen use efficiency (NUE); (Embodiment 127) a modified maize
cell comprising three targeted modifications in three different genes, wherein the targeted
modifications are an insertion of a nitrogen responsive element in NRT2.2 gene, an insertion of a
nitrogen responsive element in GInl .4 gene, and an insertion of an OCS homologue in Dofl gene,
wherein the targeted modifications result in increased nitrogen use efficiency (NUE); (Embodiment
128) a modified maize cell comprising four targeted modifications in four different genes, wherein the
targeted modifications are an insertion of a nitrogen responsive element in NRT2.2 gene, an insertion
of a nitrogen responsive element in Glnl.4 gene, an insertion of an OCS homologue in Dofl gene,
and an insertion of an mRNA destabilizing element in FEA3 gene, wherein the targeted modifications
result in increased nitrogen use efficiency (NUE) and increased kernel number; (Embodiment 129) a
modified maize cell comprising six targeted modifications in six different genes, wherein the targeted
modifications are an insertion of a nitrogen responsive element in NRT2.2 gene, an insertion of a
nitrogen responsive element in Glnl .4 gene, an insertion of an OCS homologue in Dofl gene, a
deletion of genomic sequence in FEA3 gene, an insertion of an OCS homologue in EPSPS gene, and
an insertion of an upstream ORF (uORF) in NPR1 gene, wherein the targeted modifications result in
increased nitrogen use efficiency (NUE), increased kernel number, elevated glyphosate tolerance, and
broad spectrum disease resistance; (Embodiment 130) a modified soybean cell comprising a targeted
modification in a gene, wherein the targeted modification is an insertion of a SHAT1-5 repressor
sequence in SHATI1-5 gene, wherein the targeted modification results in reduced pod shattering;
(Embodiment 131) modified soybean cell comprising three targeted modifications in three different
genes, wherein the targeted modifications are an insertion of a nitrogen responsive element in NRT
gene, an insertion of a nitrogen responsive element in NRT2 gene, and an insertion of an OCS
homologue in GS gene, wherein the targeted modifications result in increased nitrogen use efficiency
(NUE); (Embodiment 132) a modified soybean cell comprising four targeted modifications in four

different genes, wherein the targeted modifications are an insertion of a nitrogen responsive element
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in NRT gene, an insertion of a nitrogen responsive element in NRT2 gene, an insertion of an OCS
homologue in GS gene, and an insertion of an auxin-responsive element 3xDRS5 in FT2a gene,
wherein the targeted modifications result in increased nitrogen use efficiency (NUE) and early
flowering; (Embodiment 133) a modified soybean cell comprising five targeted modifications in five
different genes, wherein the targeted modifications are an insertion of a nitrogen responsive element
in NRT gene, an insertion of a nitrogen responsive element in NRT2 gene, an insertion of an OCS
homologue in GS gene, an insertion of an auxin-responsive element 3xDRS in FT2a gene, and an
insertion of a SAUR mRNA destabilizing sequence in E1 gene, wherein the targeted modifications
result in increased nitrogen use efficiency (NUE) and early flowering; (Embodiment 134) a modified
tomato cell comprising three targeted modifications in three different genes, wherein the targeted
modifications are an insertion of an OCS homologue in CS gene, an insertion of an OCS homologue
in BCAT gene, and an insertion of an OCS homologue in KAS gene, wherein the targeted
modifications result in capsaicin production; (Embodiment 135) a modified sugarcane tissue
comprising a targeted modification in a gene, wherein the targeted modification is a glutamic acid (E)
to leucine (L) substitution at position 149 in the protein sequence of PYL-E gene, wherein the targeted
modification results in increased water use efficiency; (Embodiment 136) a modified potato tissue
comprising a targeted modification in a gene, wherein the target modification is a disruption of
StCESA3 gene, wherein the targeted modification results in resistance to late blight caused by
Phytophthora infestans; (Embodiment 137) a modified potato tissue comprising a targeted
modification in a gene, wherein the target modification is a disruption of StvINV gene, wherein the
targeted modification results in decreased amount of reducing sugar; (Embodiment 138) a modified
plant derived from the modified cell or tissue of any of embodiments (124) to (137).

[0150] The subject matter of this invention further includes the additional embodiments set forth
in this paragraph as follows: (Embodiment 139) a method of changing expression of a sequence of
interest in a genome, comprising integrating a dsDNA molecule at the site of at least one double-
strand break (DSB) in a genome; (Embodiment 140) the method of embodiment (139), wherein the
genome is that of a plant; (Embodiment 141) the method of embodiment (140), wherein the genome is
that of a nucleus, mitochondrion, or plastid in a plant cell; (Embodiment 142) the method of
embodiment (139), wherein the at least one DSB is introduced into the genome by at least one of the
group consisting of: {a} a nuclease selected from the group consisting of an RNA-guided nuclease, an
RNA-guided DNA endonuclease, a type Il Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a
CasY, a CasX, a C2¢l, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-finger
nuclease (ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an
Argonaute, and a meganuclease or engineered meganuclease; (b} a polynucleotide encoding one or
more nucleases capable of effecting site-specific alteration of a target nucleotide sequence; and {¢} a
guide RNA (gRNA) for an RNA-guided nuclease, or a DNA encoding a gRNA for an RNA-guided
nuclease; (Embodiment 143) the method of embodiment (139), wherein the at least one DSB is
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introduced into the genome by at least one treatment selected from the group consisting of: {(a}
bacterially mediated (e. g., Agrobacterium sp., Rhizobium sp., Sinorhizobium sp., Mesorhizobium sp.,
Bradyrhizobium sp., Azobacter sp., Phyllobacterium sp.) transfection; (b} Biolistics or particle
bombardment; {c} treatment with at least one chemical, enzymatic, or physical agent; and {(d)
application of heat or cold, ultrasonication, centrifugation, positive or negative pressure, cell wall or
membrane disruption or deformation, or electroporation; (Embodiment 144) the method of
embodiment (139), wherein the at least one DSB in a genome is located: (a) within the sequence of
interest, (b) upstream of the sequence of interest, or (¢) downstream of the sequence of interest;
(Embodiment 145) the method of embodiment (139), wherein the dsDNA molecule, when integrated
into the genome, is functionally or operably linked to the sequence of interest; (Embodiment 146) the
method of embodiment (139), wherein the sequence of interest comprises coding sequence, non-
coding sequence, or a combination of coding and non-coding sequence; (Embodiment 147) the
method of embodiment (139), wherein the at least one DSB is two or more DSBs; (Embodiment 148)
the method of embodiment (147), wherein the dsDNA molecule that is integrated into each of the two
or more DSBs is (a) identical, or (b) different, for each of the DSBs; (Embodiment 149) the method of
embodiment (139), wherein the dsDNA molecule comprises at least one of the nucleotide sequences
selected from the group consisting of: (a) DNA encoding at least one stop codon, or at least one stop
codon on each strand, or at least one stop codon within each reading frame on each strand; (b)
heterologous primer sequence; (¢) a unique identifier sequence; (d) a transcript-stabilizing sequence;
(e) a transcript-destabilizing sequence; (f) a DNA aptamer or DNA encoding an RNA or amino acid
aptamer; and (g) a sequence recognizable by a specific binding agent; (Embodiment 150) the method
of embodiment (139), wherein the dsDNA molecule comprises a sequence recognizable by a specific
binding agent, and wherein contacting the integrated dsDNA molecule with the specific binding agent
results in a change of expression of the sequence of interest; (Embodiment 151) the method of
embodiment (150), wherein: (a) the sequence recognizable by a specific binding agent comprises an
auxin response element sequence, the specific binding agent is an auxin, and the change of expression
is upregulation; (b) the sequence recognizable by a specific binding agent comprises at least one D1-4
sequence, the specific binding agent is an auxin, and the change of expression is upregulation; (c) the
sequence recognizable by a specific binding agent comprises at least one DRS sequence, the specific
binding agent is an auxin, and the change of expression is upregulation; (d) the sequence recognizable
by a specific binding agent comprises at least one m5-DRS5 sequence, the specific binding agent is an
auxin, and the change of expression is upregulation; (¢) the sequence recognizable by a specific
binding agent comprises at least one P3 sequence, the specific binding agent is an auxin, and the
change of expression is upregulation; (f) the sequence recognizable by a specific binding agent
comprises a small RNA recognition site sequence, the specific binding agent is the corresponding
small RNA, and the change of expression is downregulation; (g) the sequence recognizable by a

specific binding agent comprises a microRNA (miRNA) recognition site sequence, the specific
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binding agent is the corresponding mature miRNA, and the change of expression is downregulation;
(h) the sequence recognizable by a specific binding agent comprises a microRNA (miRNA)
recognition site sequence for an engineered miRNA, the specific binding agent is the corresponding
engineered mature miRNA | and the change of expression is downregulation; (i) the sequence
recognizable by a specific binding agent comprises a transposon recognition sequence, the specific
binding agent is the corresponding transposon, and the change of expression is upregulation or
downregulation; (j) the sequence recognizable by a specific binding agent comprises an ethylene-
responsive element binding-factor-associated amphiphilic repression (EAR) motif sequence, the
specific binding agent is ERF (ethylene-responsive element binding factor) or co-repressor, and the
change of expression is downregulation; (k) the sequence recognizable by a specific binding agent
comprises a splice site sequence, the specific binding agent is a spliceosome, and the change of
expression is expression of a spliced transcript; (1) the sequence recognizable by a specific binding
agent comprises a site-specific recombinase recognition site sequence, the specific binding agent is
the corresponding site-specific recombinase, and the change of expression is upregulation or
downregulation or expression of a transcript having an altered sequence; (m) the sequence
recognizable by a specific binding agent comprises sequence encoding an RNA aptamer or an RNA
riboswitch, the specific binding agent is the corresponding ligand, and the change in expression is
upregulation or downregulation; (n) the sequence recognizable by a specific binding agent is a
hormone responsive element, the specific binding agent is a hormone, and the change in expression is
upregulation or downregulation; or (o) the sequence recognizable by a specific binding agent is a
transcription factor binding sequence, the specific binding agent is the corresponding transcription
factor, and the change in expression is upregulation or downregulation; (Embodiment 152) the
method of embodiment (150), wherein the dsDNA molecule comprises a nucleotide sequence that
encodes an RNA molecule or an amino acid sequence that is recognizable by a specific binding agent;
(Embodiment 153) the method of embodiment (150), wherein the dsDNA molecule comprises a
nucleotide sequence that encodes an RNA molecule or an amino acid sequence that binds specifically
to a ligand; (Embodiment 154) the method of embodiment (139), wherein the dsDNA molecule
encodes at least one stop codon on each strand; (Embodiment 155) the method of embodiment (139),
wherein the dsDNA molecule encodes at least one stop codon within each reading frame on each
strand; (Embodiment 156) the method of embodiment (139), wherein the dsDNA molecule comprises
at least partially self-complementary sequence, such that the dsDNA molecule encodes a transcript
that is capable of forming at least partially double-stranded RNA ; (Embodiment 157) the method of
embodiment (139), wherein the dsDNA molecule comprises a nucleotide sequence that is responsive
to a specific change in the physical environment, and wherein exposing the integrated dsDNA
molecule to the specific change in the physical environment results in a change of expression of the
sequence of interest; (Embodiment 158) the method of embodiment (157), wherein the specific

change in the physical environment is at least one of: a change in light intensity or quality, a change in
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temperature, a change in pressure, a change in osmotic concentration, or a change in day length;
(Embodiment 159) the method of embodiment (139), wherein the dsDNA molecule comprises a
nucleotide sequence encoding an RNA molecule or an amino acid sequence that is responsive to a
specific change in the physical environment; (Embodiment 160) the method of embodiment (159),
wherein the dsDNA molecule encodes a Light-Oxygen-Voltage domain; (Embodiment 161) a plant
cell comprising in its genome a heterologous DNA sequence that comprises: (a) nucleotide sequence
of a dsDNA molecule integrated by the method of embodiment 1 at the site of a DSB in a genome;
and (b) genomic nucleotide sequence adjacent to the site of the DSB; (Embodiment 162) a plant
comprising the plant cell of embodiment (161); (Embodiment 163) a processed or commodity product
of the plant of embodiment (162); (Embodiment 164) a heterologous nucleotide sequence comprising:
(a) nucleotide sequence of a dsDNA molecule integrated by the method of embodiment 1 at the site of
a DSB in a genome, and (b) genomic nucleotide sequence adjacent to the site of the DSB;
(Embodiment 165) a plasmid, vector, or chromosome comprising the heterologous nucleotide
sequence of embodiment (164); (Embodiment 166) a polymerase primer for amplification of the
heterologous nucleotide sequence of embodiment (164); (Embodiment 167) a composition
comprising: (a) a plant cell; and (b) a dsDNA molecule; (Embodiment 168) the composition of
embodiment (167), wherein the plant cell is an isolated plant cell or plant protoplast; (Embodiment
169) the composition of embodiment (167), wherein the plant cell is a plant cell capable of division or
differentiation; (Embodiment 170) the composition of embodiment (167), wherein the plant cell
comprises a double-strand break (DSB) in its genome; (Embodiment 171) the composition of
embodiment (170), wherein the DSB is induced by providing a DSB-inducing agent to the plant cell;
(Embodiment 172) the composition of embodiment (171), wherein the DSB-inducing agent is at least
one of the group consisting of: {a} a nuclease selected from the group consisting of an RNA-guided
nuclease, an RNA-guided DNA endonuclease, a type Il Cas nuclease, a Cas9, a type V Cas nuclease,
a Cpfl, a CasY, a CasX, a C2¢l, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-
finger nuclease (ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an
Argonaute, and a meganuclease or engineered meganuclease; (b} a polynucleotide encoding one or
more nucleases capable of effecting site-specific alteration of a target nucleotide sequence; and {c} a
guide RNA (gRNA) for an RNA-guided nuclease, or a DNA encoding a gRNA for an RNA-guided
nuclease; (Embodiment 173) the composition of embodiment (167), wherein the dsDNA molecule is:
(a) blunt-ended; (b) contains one or more terminal overhangs; or (¢) modified at one or both termini
with at least one phosphorothioate bond between adjacent nucleotides; (Embodiment 174) the
composition of embodiment (167), wherein the dsSDNA molecule comprises: {a} a nucleotide
sequence that is recognizable by a specific binding agent; (b} a nucleotide sequence encoding an RNA
molecule or an amino acid sequence that is recognizable by a specific binding agent; {¢} a nucleotide
sequence that encodes an RNA molecule or an amino acid sequence that binds specifically to a ligand;

{d) a nucleotide sequence that is responsive to a specific change in the physical environment; or {¢} a
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nucleotide sequence encoding an RNA molecule or an amino acid sequence that is responsive to a
specific change in the physical environment; {f} a nucleotide sequence encoding at least one stop
codon on each strand; {g} a nucleotide sequence encoding at least one stop codon within each reading
frame on each strand; or ¢h} at least partially self-complementary sequence, such that the dsDNA
molecule encodes a transcript that is capable of forming at least partially double-stranded RNA; or (i}
a combination of any of (a) — (h); (Embodiment 175) a reaction mixture comprising: (a) a plant cell
having a double-strand break (DSB) at a locus in its genome; and (b) a dsDNA molecule capable of
being integrated at the DSB, with a length of between about 18 to about 300 base-pairs, or between
about 30 to about 100 base-pairs; wherein the dsSDNA molecule, if integrated at the DSB, forms a
heterologous insertion; (Embodiment 176) the reaction mixture of embodiment (175), wherein the
plant cell is an isolated plant cell or plant protoplast; (Embodiment 177) the reaction mixture of
embodiment (175), wherein the dsDNA molecule comprises: {a) a nucleotide sequence that is
recognizable by a specific binding agent; (b} a nucleotide sequence encoding an RNA molecule or an
amino acid sequence that is recognizable by a specific binding agent; {¢} a nucleotide sequence that
encodes an RNA molecule or an amino acid sequence that binds specifically to a ligand; {d} a
nucleotide sequence that is responsive to a specific change in the physical environment; or {2} a
nucleotide sequence encoding an RNA molecule or an amino acid sequence that is responsive to a
specific change in the physical environment; {(f} a nucleotide sequence encoding at least one stop
codon on each strand; {g} a nucleotide sequence encoding at least one stop codon within each reading
frame on each strand; or (h} at least partially self-complementary sequence, such that the dsDNA
molecule encodes a transcript that is capable of forming at least partially double-stranded RNA; or (i}
a combination of any of (a) — (h); (Embodiment 178) an oligonucleotide for disrupting gene
expression, comprising a strand of at least 18 nucleotides and encoding at least one stop codon in each
possible reading frame on each strand; (Embodiment 179) the oligonucleotide of embodiment (178),
wherein the oligonucleotide is double-stranded DNA (dsDNA) comprising at least 18 contiguous
base-pairs and encoding at least one stop codon in each possible reading frame on either strand;
(Embodiment 180) the oligonucleotide of embodiment (178), wherein the dsDNA is blunt-ended;
(Embodiment 181) the oligonucleotide of embodiment (178), wherein each strand of the dsDNA
comprises at least 18 and fewer than 200 contiguous base-pairs, wherein the number of base-pairs is
not divisible by 3, and wherein each strand encodes at least one stop codon in each possible reading
frame in the 5° to 3” direction; (Embodiment 182) the oligonucleotide of embodiment (178), wherein
the dsDNA comprises at least one phosphorothioate modification; (Embodiment 183) a method of
identifying the locus of at least one double-stranded break (DSB) in genomic DNA in a cell
comprising the genomic DNA, the method comprising (a) contacting the genomic DNA having a DSB
with a dsDNA molecule, wherein the dsDNA molecule is capable of being integrated at the DSB and
has a length of between about 18 to about 300 base-pairs, or between about 30 to about 100 base-

pairs; wherein the dsDNA molecule, if integrated at the DSB, forms a heterologous insertion; (b)
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using at least part of the sequence of the dsDNA molecule as a target for PCR primers to allow
amplification of DNA in the locus of the double-stranded break; (Embodiment 184) the method of
embodiment (183), wherein the dsDNA molecule, when integrated at the DSB, imparts a functional
trait to the cell comprising the genomic DNA, or to an organism comprising the cell; (Embodiment
185) a method of identifying the locus of double-stranded breaks (DSBs) in genomic DNA in a pool
of cells, wherein the pool of cells comprises cells having genomic DNA with a dsDNA molecule
inserted at the locus of the double-stranded breaks; wherein the dsDNA molecule is capable of being
integrated at the DSB and has a length of between about 18 to about 300 base-pairs, or between about
30 to about 100 base-pairs; wherein the dsDNA molecule, if integrated at the DSB, forms a
heterologous insertion; wherein the sequence of the dsDNA molecule is used as a target for PCR
primers to allow amplification of DNA in the region of said double-stranded breaks; (Embodiment
186) the method of embodiment (185), wherein the pool of cells is a population of plant cells or plant
protoplasts; (Embodiment 187) the method of embodiment (185), wherein the genomic DNA is that of
a nucleus, mitochondrion, or plastid; (Embodiment 188) the method of embodiment (185), wherein
the pool of cells is a population of plant cells or plant protoplasts, wherein the population of plant
cells or plant protoplasts comprise multiple different DSBs in the genome; (Embodiment 189) the
method of embodiment (188), wherein each of the different DSBs is introduced by a different guide
RNA; (Embodiment 190) a method of identifying the nucleotide sequence of a locus in the genome
that is associated with a phenotype, the method comprising: (a) providing to a population of cells
having the genome: (i) multiple different guide RNAs (gRNAs) to induce multiple different double
strand breaks (DSBs) in the genome, wherein each DSB is produced by an RNA-guided nuclease
guided to a locus on the genome by one of the gRNAs, and (ii) blunt-ended, double-stranded DNA
(dsDNA) molecules having a defined nucleotide sequence, wherein the dsDNA molecules are capable
of being integrated into the DSBs by non-homologous end-joining (NHEJ) recombination; whereby
when at least some of the dsSDNA molecules are inserted into at least some of the DSBs, a genetically
heterogeneous population of cells is produced; (b) selecting from the genetically heterogeneous
population of cells a subset of cells that exhibit a phenotype of interest; (¢) using a pool of PCR
primers that bind to the dsDNA molecules to amplify from the subset of cells DNA from the locus of
a DSB into which one of the dsDNA molecules has been inserted; and (d) sequencing the amplified
DNA to identify the locus associated with the phenotype of interest; (Embodiment 191) the method of
embodiment (190), wherein the genetically heterogencous population of cells undergoes one or more
doubling cycles; (Embodiment 192) the method of embodiment (190), wherein the genetically
heterogeneous population of cells is subjected to conditions permitting expression of the phenotype of
interest; (Embodiment 193) the method of embodiment (190), wherein the RNA-guided nuclease or a
polynucleotide that encodes the RNA-guided nuclease is exogenously provided to the population of
cells; (Embodiment 194) the method of embodiment (190), wherein each gRNA is provided as a
polynucleotide composition comprising: {a} a CRISPR RNA (crRNA) that comprises the gRNA, ora
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polynucleotide that encodes a crRNA, or a polynucleotide that is processed into a crRNA; or (b} a
single guide RNA (sgRNA) that comprises the gRNA, or a polynucleotide that encodes a sgRNA, or a
polynucleotide that is processed into a sgRNA; (Embodiment 194) the method of embodiment (190),
wherein each gRNA is provided as a ribonucleoprotein (RNP) comprising the RNA-guided nuclease
and an sgRNA; (Embodiment 196) the method of embodiment (147), wherein: (a) the at least one
DSB is two blunt-ended DSBs, resulting in deletion of genomic sequence between the two blunt-
ended DSBs, and wherein the dsDNA molecule is blunt-ended and is integrated into the genome
between the two blunt-ended DSBs; (b) the at least one DSB is two DSBs, wherein the first DSB is
blunt-ended and the second DSB has an overhang, resulting in deletion of genomic sequence between
the two DSBs, and wherein the dsDNA molecule is blunt-ended at one terminus and has an overhang
on the other terminus, and is integrated into the genome between the two DSBs; (¢) the at least one
DSB is two DSBs, each having an overhang, resulting in deletion of genomic sequence between the
two DSBs, and wherein the dsDNA molecule has an overhang at each terminus and is integrated into
the genome between the two DSBs.

[0151] The subject matter of this invention further includes the additional embodiments set forth
in this paragraph as follows: (Embodiment 197) a method of modifying a plant cell by creating a
plurality of targeted modifications in the genome of the cell, comprising: contacting the genome with
one or more targeting agents, wherein the one or more agents comprise or encode predetermined
peptide or nucleic acid sequences, wherein the predetermined peptide or nucleic acid sequences bind
preferentially at or near predetermined target sites within the plant genome, and wherein the binding
directs the generation of the plurality of targeted modifications within the genome; wherein the
plurality of targeted modifications occurs without an intervening step of separately identifying an
individual modification and without a step of separately selecting for the occurrence of an individual
modification among the plurality of targeted modifications mediated by the targeting agents; and
wherein the targeted modifications alter at least one trait of the plant cell, or at least one trait of a plant
comprising the plant cell, or at least one trait of a plant grown from the plant cell, or result in a
detectable phenotype in the modified plant cell; and wherein at least two of the targeted modifications
are insertions of predetermined sequences encoded by one or more polynucleotide donor molecules,
and wherein at least one of the polynucleotide donor molecules lacks homology to the genome
sequences adjacent to the site of insertion; (Embodiment 198) the method of embodiment (197)
wherein the plant cell has a ploidy of 2n, with n being a value selected from the group consisting of
05,1,15,2,25,3,35,4, 5, and 6, and wherein the method generates 2n targeted modifications at
2n loci of the predetermined target sites within the genome; and wherein 2n of the targeted
modifications are insertions or creations of predetermined sequences encoded by one or more
polynucleotide donor molecules; (Embodiment 199) the method of embodiment (197) or (198),
wherein at least one of the polynucleotide donor molecules is a single stranded DNA molecule, a

single stranded RNA molecule, a single stranded DNA-RNA hybrid molecule, or a duplex RNA-DNA
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molecule; (Embodiment 200) the method of embodiment (197), (198), or (199), wherein at least one
insertion is a non-coding regulatory element; (Embodiment 201) the method of any of embodiments
(197)-(200), wherein said polynucleotide donor molecules have a length of at least 5 nucleotides;
(Embodiment 202) the method of any of embodiments 197-201, (a) wherein the genome of the
modified cell does not comprise a nuclease, or a selection marker, or both, stably linked integrated as
a result of the targeted modifications; and/or (b) wherein the method is conducted without the use of a
selection marker; and/or (¢) wherein the agents employed in the method do not comprise a vector;
(Embodiment 203) the method of any of embodiments (197)-(202), wherein the method results in a
non-transgenic plant cell containing homozygous edits, without an intervening chromosome
segregation event; (Embodiment 204) the method of any of embodiments (197)-(203), wherein at
least one of the polynucleotide donor molecules is provided as a ribonucleoprotein (RNP)
polynucleotide composition; (Embodiment 205) the method of any of embodiments (197)-(204),
wherein said RNP comprises an RNA-guided nuclease and (a) a CRISPR RNA (crRNA) that
comprises a guide RNA (gRNA), or a polynucleotide that encodes a crRNA, or a polynucleotide that
is processed into a crRNA; or (b) a single guide RNA (sgRNA) that comprises the gRNA, ora
polynucleotide that encodes a sgRNA, or a polynucleotide that is processed into a sgRNA;
(Embodiment 206) the method of any of embodiments (197)-(205), wherein the modified plant cell is
a meristematic cell, embryonic cell, or germline cell; (Embodiment 207) the method of any of
embodiments (197)-(206), wherein repetition of the method results in an efficiency of at least 1%,
wherein said efficiency is determined by dividing the number of successfully targeted cells by the
total number of cells targeted; (Embodiment 208) the method of any of embodiments (197)-(207),
wherein at least one of the targeted modifications is an insertion between at least 3 and 400
nucleotides in length; (Embodiment 209) the method of any of embodiments (197)-(208), wherein at
least one of the targeted modifications is an insertion between 10 and 350 nucleotides in length;
(Embodiment 210) the method of any of embodiments (197)-(209), wherein at least one double-
stranded break (DSB) is introduced into the genome, and wherein (a) the at least one DSB is two
blunt-ended DSBs, resulting in deletion of genomic sequence between the two blunt-ended DSBs, and
wherein the polynucleotide molecule is selected from the group consisting of a blunt-ended double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, and a blunt-ended
double-stranded DNA/RNA hybrid and is integrated into the genome between the two blunt-ended
DSBs; or (b) the at least one DSB is two DSBs, wherein the first DSB is blunt-ended and the second
DSB has an overhang, resulting in deletion of genomic sequence between the two DSBs, and wherein
the polynucleotide molecule is a double-stranded DNA or double-stranded DNA/RNA hybrid that is
blunt-ended at one terminus and has an overhang on the other terminus, or is a single-stranded DNA
or a single-stranded DNA/RNA hybrid, and is integrated into the genome between the two DSBs; or
(c) the at least one DSB is two DSBs, each having an overhang, resulting in deletion of genomic

sequence between the two DSBs, and wherein the polynucleotide molecule is a double-stranded DNA
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or double-stranded DNA/RNA hybrid that has an overhang at each terminus or is a single-stranded
DNA or a single-stranded DNA/RNA hybrid, and is integrated into the genome between the two
DSBs; (Embodiment 211) the method of any of embodiments (205)-(210) wherein the donor
polynucleotide is tethered to a crRNA by a covalent bond, a non-covalent bond, or a combination of
covalent and non-covalent bonds; (Embodiment 212) the method of any of embodiments (197)-(211),
wherein the genome of the modified plant cell has not more unintended changes in comparison to the
genome of the original plant than 2x10® mutations per bp per replication; (Embodiment 213) the
method of any of embodiments (197)-(212), wherein the modified plant cell is identical to the original
plant cell but for (i) the targeted insertions, and (ii) the naturally occurring mutation rate as a
consequence of multiplying the cell, and, optionally (ii1) any off-target mutations; (Embodiment 214)
the method of any of embodiments (197)-(213), wherein at least one DSB is introduced into the
genome by at least one of the group consisting of: (a) a nuclease selected from the group consisting of
an RNA-guided nuclease, an RNA-guided DNA endonuclease, a type Il Cas nuclease, a Cas9, a type
V Cas nuclease, a Cpfl, a CasY, a CasX, a C2¢1, a C2¢3, an engineered nuclease, a codon-optimized
nuclease, a zinc-finger nuclease (ZFN), a transcription activator-like effector nuclease (TAL-effector
nuclease), an Argonaute, a meganuclease, an engineered meganuclease, a recombinase, integrase, and
a transposase; (b) a polynucleotide encoding one or more nucleases capable of effecting site-specific
alteration of a target nucleotide sequence; and (c¢) a guide RNA (gRNA) for an RNA-guided nuclease,
and a DNA encoding a gRNA for an RNA-guided nuclease; (Embodiment 215) the method of any of
embodiments (197)-(214), wherein at least one DSB is introduced into the genome by at least one
treatment selected from the group consisting of’ (a) bacterially mediated transfection; (b) biolistics or
particle bombardment; (c) treatment with at least one chemical, enzymatic, or physical agent; and (d)
application of heat or cold, ultrasonication, centrifugation, positive or negative pressure, cell wall or
membrane disruption or deformation, or electroporation; (Embodiment 216) the method of any of
embodiments (197)-(215), wherein at least one DSB is introduced in the genome: (a) within a
sequence of interest, (b) upstream of a sequence of interest, or (¢) downstream of a sequence of
interest; (Embodiment 217) the method of any of embodiments (197)-(216), wherein a polynucleotide
molecule, when integrated into the genome, is functionally or operably linked to the sequence of
interest; (Embodiment 218) the method of embodiment (217), wherein the polynucleotide molecule
comprises at least one of the nucleotide sequences selected from the group consisting of: (a) DNA or
RNA encoding at least one stop codon, or at least one stop codon on each strand, or at least one stop
codon within each reading frame on each strand; (b) DNA or RNA encoding heterologous primer
sequence; (¢) DNA or RNA encoding a unique identifier sequence; (d) DNA or RNA encoding a
transcript-stabilizing sequence; (¢) DNA or RNA encoding a transcript-destabilizing sequence; (f) a
DNA or RNA aptamer, or DNA encoding an RNA aptamer, or DNA or RNA encoding an amino acid
aptamer; and (g) DNA or RNA encoding a sequence recognizable by a specific binding agent;
(Embodiment 219) the method of any of embodiments (197)-(218) further comprising obtaining a
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plant from the modified plant cell; (Embodiment 220) the method of any of embodiments (197)-(218),
wherein the modified plant cell is identical to the original plant cell but for (1) the targeted insertions,
(i1) mutations arising naturally during mitotic propagation, and optionally, (iii) any off-target
mutations; (Embodiment 221) a method of manufacturing a commercial seed, comprising: (a)
engineering a plant cell according to the method of any one of embodiments 197-220, (b) growing a
modified plant from said plant cell, and optionally further multiplying or propagating said plant, and
(¢) using said plant to produce commercial seed; (Embodiment 222) a modified plant or plant part
derived from the modified cell resulting from the method of any of embodiments (197)-(220);
(Embodiment 223) a method of manufacturing a plant comprising a modified cell, wherein said
modified cell is generated by the method of any of embodiments (197)-(220); (Embodiment 224) a
method of manufacturing a plant comprising growing a plant from a modified cell, wherein said
modified cell is generated by the method of any of embodiments (197)-(220); (Embodiment 225) a
modified plant cell, wherein said plant cell comprises at least 2 separately targeted modifications in its
genome, wherein the targeted modifications are determined relative to an original plant cell, and
wherein the modified plant cell is genetically identical to the original plant with the exception of the
targeted insertions and any changes as a consequence of multiplying said modified plant cell;
(Embodiment 226) a plant, comprising modified plant cells, wherein each of said modified plant cells
comprises at least 2 separately targeted modifications in its genome, wherein the modifications are
determined relative to an original plant cell, and wherein the plant is genetically identical to the
original plant with the exception of the targeted modifications and any changes as a consequence of
regenerating or growing said plant from a plant cell of embodiment (225), and — optionally — further
propagating said plant; (Embodiment 227) a plant cell of embodiment (225) or a plant of embodiment
(226), wherein the changes as a consequence of multiplication or propagation are less than 2x1071°

mutations per bp per replication.

EXAMPLES

Example 1

[0152] This example illustrates techniques for preparing a plant cell or plant protoplast useful in
compositions and methods of the invention, for example, in providing a reaction mixture including a
plant cell having a double-strand break (DSB) at at least one locus in its genome. More specifically
this non-limiting example describes techniques for preparing isolated, viable plant protoplasts from
monocot and dicot plants.

[0153] The following mesophyll protoplast preparation protocol (modified from one publicly
available at molbio[dotjmgh[dot]harvard .edu/sheenweb/protocols_reg[dot]html) is generally suitable

for use with monocot plants such as maize (Zea mays) and rice (Oryza sativa):
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[0154] Prepare an enzyme solution containing 0.6 molar mannitol, 10 millimolar MES pH 5.7,
1.5% cellulase R10, and 0.3% macerozyme R10. Heat the enzyme solution at 50 — 55 degrees Celsius
for 10 minutes to inactivate proteases and accelerate enzyme solution and cool it to room temperature
before adding 1 millimolar CaCl,, 5 millimolar 3-mercaptocthanol, and 0.1% bovine serum albumin.
Pass the enzyme solution through a 0.45 micrometer filter. Prepare a washing solution containing 0.6
molar mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCI.

[0155] Obtain second leaves of the monocot plant (e. g., maize or rice) and cut out the middle 6 —
8 centimeters. Stack ten leaf sections and cut into 0.5 millimeter-wide strips without bruising the
leaves. Submerge the leaf strips completely in the enzyme solution in a petri dish, cover with
aluminum foil, and apply vacuum for 30 minutes to infiltrate the leaf tissue. Transfer the dish to a
platform shaker and incubate for an additional 2.5 hours” digestion with gentle shaking (40 rpm).
After digestion, carefully transfer the enzyme solution (now containing protoplasts) using a
serological pipette through a 35 micrometer nylon mesh into a round-bottom tube; rinse the petri with
5 milliliters of washing solution and filter this through the mesh as well. Centrifuge the protoplast
suspension at 1200 rpm, 2 minutes in a swing-bucket centrifuge. Aspirate off as much of the
supernatant as possible without touching the pellet; gently wash the pellet once with 20 milliliters
washing buffer and remove the supernatant carefully. Gently resuspend the pellet by swirling in a
small volume of washing solution, then resuspend in 10 — 20 milliliters of washing buffer. Place the
tube upright on ice for 30 minutes — 4 hours (no longer). After resting on ice, remove the supernatant
by aspiration and resuspend the pellet with 2 — 5 milliliters of washing buffer. Measure the
concentration of protoplasts using a hemocytometer and adjust the concentration to 2 x 1075
protoplasts/milliliter with washing buffer.

[0156] The following mesophyll protoplast preparation protocol (modified from one described
by Niu and Sheen (2012) Methods Mol. Biol., 876:195 — 206, doi: 10.1007/978-1-61779-809-2_16) is
generally suitable for use with dicot plants such as Arabidopsis thaliana and brassicas such as kale
(Brassica oleracea).

[0157] Prepare an enzyme solution containing 0.4 M mannitol, 20 millimolar KCI, 20 millimolar
MES pH 5.7, 1.5% cellulase R10, and 0.4% macerozyme R10. Heat the enzyme solution at 50 — 55
degrees Celsius for 10 minutes to inactivate proteases and accelerate enzyme solution, and then cool it
to room temperature before adding 10 millimolar CaCl,, 5 millimolar B-mercaptocthanol, and 0.1%
bovine serum albumin. Pass the enzyme solution through a 0.45 micrometer filter. Prepare a “W5”
solution containing 154 millimolar NaCl, 125 millimolar CaCl,, 5 millimolar KCI, and 2 millimolar
MES pH 5.7. Prepare a “MMg solution” solution containing 0.4 molar mannitol, 15 millimolar
MgCl,, and 4 millimolar MES pH 5.7.

[0158] Obtain second or third pair true leaves of the dicot plant (e. g., a brassica such as kale)

and cut out the middle section. Stack 4 — 8 leaf sections and cut into 0.5 millimeter-wide strips
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without bruising the leaves. Submerge the leaf strips completely in the enzyme solution in a petri
dish, cover with aluminum foil, and apply vacuum for 30 minutes to infiltrate the leaf tissue. Transfer
the dish to a platform shaker and incubate for an additional 2.5 hours” digestion with gentle shaking
(40 rpm). After digestion, carefully transfer the enzyme solution (now containing protoplasts) using a
serological pipette through a 35 micrometer nylon mesh into a round-bottom tube; rinse the petri dish
with 5 milliliters of washing solution and filter this through the mesh as well. Centrifuge the
protoplast suspension at 1200 rpm, 2 minutes in a swing-bucket centrifuge. Aspirate off as much of
the supernatant as possible without touching the pellet; gently wash the pellet once with 20 milliliters
washing buffer and remove the supernatant carefully. Gently resuspend the pellet by swirling in a
small volume of washing solution, then resuspend in 10 — 20 milliliters of washing buffer. Place the
tube upright on ice for 30 minutes — 4 hours (no longer). After resting on ice, remove the supernatant
by aspiration and resuspend the pellet with 2 — 5 milliliters of MMg solution. Measure the
concentration of protoplasts using a hemocytometer and adjust the concentration to 2 x 1075

protoplasts/milliliter with MMg solution.
Example 2

[0159] This example illustrates a method of delivery of an effector molecule to a plant cell or
plant protoplast to effect a genetic change, in this case introduction of a double-strand break in the
genome. More specifically, this non-limiting example describes a method of delivering a guide RNA
(gRNA) in the form of a ribonucleoprotein (RNP) to isolated plant protoplasts.

[0160] The following delivery protocol (modified from one publicly available at
molbio|dot]jmgh|[dot]harvard .edu/sheenweb/protocols_reg[dot]html) is generally suitable for use with
monocot plants such as maize (Zea mays) and rice (Oryza sativa):

[0161] Prepare a polyethylene glycol (PEG) solution containing 40% PEG 4000, 0.2 molar
mannitol, and 0.1 molar CaCl,. Prepare an incubation solution containing 170 milligram/liter
KH,POy4, 440 milligram/liter CaCl,.2H,0, 505 milligram/liter KNQO3, 160 milligram/liter NH4NO3,
370 milligram/liter MgSQ4.7H,0, 0.01 milligram/liter KI, 1 milligram/liter H3BOs, 0.1 milligram/liter
MnS04.4H,0, 1 milligram/liter ZnS04.7H>0, 0.03 milligram/liter CuSO4.5H,0, 1 milligram/liter
nicotinic acid, 1 milligram/liter thiamine HCL, 1 milligram/liter pyridoxine HCI, 0.2 milligram/liter
folic acid, 0.01 milligram/liter biotin, 1 milligram/liter D-Ca-pantothenate, 100 milligram/liter myo-
inositol, 40 grams/liter glucose, 60 grams/liter mannitol, 700 milligram/liter MES, 10 microliter/liter
Tween 80, 1 milligram/liter 2,4-D, and 1 milligram/liter 6-benzylaminopurine (BAP); adjust pH to
5.6.

[0162] Prepare a crRNA:tracrRNA or guide RNA (gRNA) complex by mixing equal amounts of
CRISPR c¢rRNA and tracrRNA (obtainable e. g., as custom-synthesized Alt-R™ CRISPR crRNA and
tracrRNA oligonucleotides from Integrated DNA Technologies, Coralville, IA): mix 6 microliters of

100 micromolar crRNA and 6 microliters of 100 micromolar tracrRNA, heat at 95 degrees Celsius for
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5 minutes, and then cool the crRNA ‘tractrRNA complex to room temperature. To the cooled gRNA
solution, add 10 micrograms Cas9 nuclease (Aldevron, Fargo, ND) and incubate 5 minutes at room
temperature to allow the ribonucleoprotein (RNP) complex to form. Add the RNP solution to 100
microliters of monocot protoplasts (prepared as described in Example 1) in a microfuge tube; add 5
micrograms salmon sperm DNA (VWR Cat. No.: 95037-160) and an equal volume of the PEG
solution. Mix gently by tapping. After 5 minutes, dilute with 880 microliters of washing buffer and
mix gently by inverting the tube. Centrifuge 1 minute at 1200 rpm and then remove the supemnatant.
Resuspend the protoplasts in 1 milliliter incubation solution and transfer to a multi-well plate. The
efficiency of genome editing is assessed by any suitable method such as heteroduplex cleavage assay
or by sequencing, as described elsewhere in this disclosure.

[0163] The following delivery protocol (modified from one described by Niu and Sheen (2012)
Methods Mol. Biol., 876:195 — 206, doi: 10.1007/978-1-61779-809-2_16) is generally suitable for use
with dicot plants such as Arabidopsis thaliana and brassicas such as kale (Brassica oleracea):

[0164] Prepare a polyethylene glycol (PEG) solution containing 40% PEG 4000, 0.2 molar
mannitol, and 0.1 molar CaCl,. Prepare an incubation solution containing 170 milligram/liter
KH,POy4, 440 milligram/liter CaCl,.2H,0, 505 milligram/liter KNQO3, 160 milligram/liter NH4NO3,
370 milligram/liter MgSQ4.7H,0, 0.01 milligram/liter KI, 1 milligram/liter H3BOs, 0.1 milligram/liter
MnS04.4H,0, 1 milligram/liter ZnS04.7H>0, 0.03 milligram/liter CuSO4.5H,0, 1 milligram/liter
nicotinic acid, 1 milligram/liter thiamine HCL, 1 milligram/liter pyridoxine HCI, 0.2 milligram/liter
folic acid, 0.01 milligram/liter biotin, 1 milligram/liter D-Ca-pantothenate, 100 milligram/liter myo-
inositol, 40 grams/liter glucose, 60 grams/liter mannitol, 700 milligram/liter MES, 10 microliter/liter
Tween 80, 1 milligram/liter 2,4-D, and 1 milligram/liter 6-benzylaminopurine (BAP); adjust pH to
5.6.

[0165] Prepare a crRNA:tracrRNA or guide RNA (gRNA) complex by mixing equal amounts of
CRISPR c¢rRNA and tracrRNA (obtainable e. g., as custom-synthesized Alt-R™ CRISPR crRNA and
tracrRNA oligonucleotides from Integrated DNA Technologies, Coralville, IA): mix 6 microliters of
100 micromolar crRNA and 6 microliters of 100 micromolar tracrRNA, heat at 95 degrees Celsius for
5 minutes, and then cool the crRNA ‘tractrRNA complex to room temperature. To the cooled gRNA
solution, add 10 micrograms Cas9 nuclease (Aldevron, Fargo, ND) and incubate 5 minutes at room
temperature to allow the ribonucleoprotein (RNP) complex to form. Add the RNP solution to 100
microliters of dicot protoplasts (prepared as described in Example 1) in a microfuge tube; add 5
micrograms salmon sperm DNA (VWR Cat. No.: 95037-160) and an equal volume of the PEG
solution. Mix gently by tapping. After 5 minutes, dilute with 880 microliters of washing buffer and
mix gently by inverting the tube. Centrifuge 1 minute at 1200 rpm and then remove the supemnatant.
Resuspend the protoplasts in 1 milliliter incubation solution and transfer to a multi-well plate. The
efficiency of genome editing is assessed by any suitable method such as heteroduplex cleavage assay

or by sequencing, as described elsewhere in this disclosure.
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[0166] The above protocols for delivery of gRNAs as RNPs to plant protoplasts are adapted for
delivery of guide RNAs alone to monocot or dicot protoplasts that express Cas9 nuclease by transient
or stable transformation; in this case, the guide RNA complex is prepared as before and added to the
protoplasts, but no Cas9 nuclease and no salmon sperm DNA is added. The remainder of the

procedures are identical.
Example 3

[0167] This example illustrates a method of identifying a nucleotide sequence associated with a
phenotype of interest. More specifically, this non-limiting example describes delivering a guide RNA
(gRNA) in the form of a ribonucleoprotein (RNP) to isolated plant protoplasts, followed by screening
to identify the protoplasts in which the target nucleotide sequence has been altered by the introduction
of a double-strand break.

[0168] Rice (Oryza sativa) protoplasts were prepared according to the protocol described in
Example 1. Multiple guide RNAs are prepared as described in Example 2 using crRNAs with the
sequences provided in Table 1, complexed with a tractrRNA to form the gRNA (crRNA:tracrRNA)
complex; the targetted nucleotide sequences are OsADHI1 (alcohol dehydrogenase 1) and OsLsi2 (a
silicon or arsenic efflux exporter). Both the crRNAs and tracrRNA were purchased from Integrated
DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes were then prepared as
described in Example 2 using the gRNAs and Cas9 nuclease (Aldevron, Fargo, ND).

TABLE 1
crRNA crRNA sequence SEQ ID NO.
OsADHI1-1 GCACUUGAUCACCUUCCCUGGUUUUAGAGCUAUGCU 1

OsADH1-2 UCCACCUCCUCGAUCACCAGGUUUUAGAGCUAUGCU
OsADHI1-3 | GGCCUCCCAGAAGUAGACGUGUUUUAGAGCUAUGCU
OsADHI1-4 | GGGAAGGUGAUCAAGUGCAAGUUUUAGAGCUAUGCU
OsADHI1-5 GCCACCGUCGAACCCUUUGGGUUUUAGAGCUAUGCU
OsADHI1-6 | GUAAAUGGGCUUCCCGUUGAGUUUUAGAGCUAUGCU
OsADH1-7 | GACAGACUCCCGUGUUCCCUGUUUUAGAGCUAUGCU
OsADHI1-8 | GUGAAUUCAGGAGCUGGAGGGUUUUAGAGCUAUGCU
OsADHI1-9 | GUACUUGCUGAGAUGACCAAGUUUUAGAGCUAUGCU
OsADHI1-10 | GCAACAUGUGUGAUCUGCUCGUUUUAGAGCUAUGCU
OsLsi2-1 UGGCCGGGAGGAUUCCCAUGGUUUUAGAGCUAUGCU
OsLsi2-2 AUGGUUCAUGCAGUGCACGGGUUUUAGAGCUAUGCU
OsLsi2-3 GCUCGAGGACGAACUCGGUGGUUUUAGAGCUAUGCU
OsLsi2-4 AUGUACUGGAGGGAGCUGGGGUUUUAGAGCUAUGCU
OsLsi2-5 UAGAAUGUAUAAUUACCCGUGUUUUAGAGCUAUGCU
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crRNA crRNA sequence SEQ ID NO.
OsLsi2-6 CGGGCCUCCCGGGAGCCAUCGUUUUAGAGCUAUGCU 16
OsLsi2-7 CAAGCACCUGGGGCGUCUGCGUUUUAGAGCUAUGCU 17
OsLsi2-8 GAGAUCAGAUCUUGCCGAUGGUUUUAGAGCUAUGCU 18
OsLsi2-9 GAAGGUGAUCUUGCUAUUGAGUUUUAGAGCUAUGCU 19
OsLsi2-10 | GAAGAUGAGUGAGCUUGCGUGUUUUAGAGCUAUGCU 20
[0169] Arrayed screens can be conveniently carried out with protoplasts in multi-well (e. g., 24-

or 96-well) plates. In this example, the protoplasts (25 microliters/well) were distributed in a 24-well
plate treated with 5 microliters/well of an individual RNP complex according to the protocols
described in Example 2. An HBT-sGFP plasmid was used as a transfection control (2 wells) and
Cas9 protein without a guide RNA was used as a null control (2 wells); two technical replicas were
performed. Efficiency of editing was estimated to be between 20% — 30% by a T7E1 endonuclease
(heteroduplex cleavage) assay as described in Example 4.

[0170] In embodiments where editing of a target nucleotide sequence is expected to provide an
observable phenotype, the phenotype can be used to select the plant cells or protoplasts having the
edited sequence. Optionally, the plant cells or plant protoplasts are grown or cultured under
conditions that permit expression of the phenotype, allowing selection of the plant cells or plant
protoplasts that exhibit the phenotype. For example, rice cells or protoplasts in which the ADHI1 gene
is disrupted or altered by editing can be exposed to low concentrations of allyl alcohol; cells wherein
one or both copies of the ADHI gene has been disrupted will have increased susceptibility to allyl
alcohol toxicity. In another example, rice cells or protoplasts in which the Lsi gene is disrupted or
altered by editing are expected to have decreased arsenic content.

[0171] Pooled screens are carried out in a similar fashion, except that editing is carried out with
multiple guide RNAs (e. g., in the form of multiple RNPs) provided to a complement of plant
protoplasts. For example, maize (Zea mays, variety B73) protoplasts are treated with a mixture of
RNPs for delivering different gRNAs targetting a selection of 2630 transcription factors in 5 families
identified in maize (sequences publicly available at
grassius|dot]org/tf browsefamily html?species=Maize). Those guides that are over-represented at the
read-out stage are those that target genes that are identified as candidates for controlling cell division.
Example 4

[0172] This example illustrates genome editing in monocot plants and further illustrates a
method of identifying a nucleotide sequence associated with a phenotype of interest. More
specifically, this non-limiting example describes delivering a guide RNA (gRNA) in the form of a
ribonucleoprotein (RNP) to isolated plant protoplasts, followed by screening to identify the
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protoplasts in which the target nucleotide sequence has been altered by introduction of a double-
stranded break (DSB).

[0173] The target gene selected for editing was the maize (Zea mays) alcohol dehydrogenase
ADHI (see www]|dot]maizegdb|[dot]org/gene center/gene/GRMZM2G442658) with the partial
genomic sequence:
GAACAGTGCCGCAGTGGCGCTGATCTTGTATGCTATCCTGCAATCGTGGTGAACTTATTT
CTTTTATATCCTTTACTCCCATGAAAAGGCTAGTAATCTTTCTCGATGTAACATCGTCCAG
CACTGCTATTACCGTGTGGTCCATCCGACAGTCTGGCTGAACACATCATACGATCTATGG
AGCAAAAATCTATCTTCCCTGTTCTTTAATGAAGGACGTCATTTTCATTAGTATGATCTAG
GAATGTTGCAACTTGCAAGGAGGCGTTTCTTTCTTTGAATTTAACTAACTCGTTGAGTGG
CCCTGTTTCTCGGACGTAAGGCCTTTGCTGCTCCACACATGTCCATTCGAATTTTACCGTG
TTTAGCAAGGGCGAAAAGTTTGCATCTTGATGATTTAGCTTGACTATGCGATTGCTTTC
CTGGACCCGTGCAGCTGCGGTGGCATGGGAGGCCGGCAAGCCACTGTCGATCGAG
GAGGTGGAGGTAGCGCCTCCGCAGGCCATGGAGGTGCGCGTCAAGATCCTCTTCAC
CTCGCTCTGCCACACCGACGTCTACTTCTGGGAGGCCAAGGTATCTAATCAGCCATC
CCATTTGTGATCTTTGTCAGTAGATATGATACAACAACTCGCGGTTGACTTGCGCCTTCTT
GGCGGCTTATCTGTCTTAGGGGCAGACTCCCGTGTTCCCTCGGATCTTTGGCCACGAGGC
TGGAGGGTA (SEQ ID NO:21); the first exon (SEQ ID NQO:22), located at nucleotide positions
409 — 571 of SEQ ID NO:21 is indicated by bold, underlined text and guide RNA (crRNA)

sequences were designed to edit this exon.

[0174] Maize protoplasts were prepared as described in Example 1. A ribonucleoprotein (RNP)
was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA complex of a crRNA
(ZmADHI1-B) having the sequence GGCCUCCCAGAAGUAGACGUGUUUUAGAGCUAUGCU
(SEQ ID NO:23) and a tracrRNA (both purchased from Integrated DNA Technologies, Coralville,
IA). This was used for editing the target gene ADHI in the maize protoplasts following the
procedures described in Example 1. A T7 endonuclease (T7E1, New England Biolabs, Ipswich, MA)
was used in a heteroduplex cleavage assay to detect on-target editing. In brief, genomic DNA from
the protoplasts was amplified by PCR; the amplified products were denatured and re-annealed to
allow heteroduplex formation between wild-type or unedited DNA and the edited DNA. T7E1, which
recognizes and cleaves mismatched DNA, was used to digest the heteroduplexes, and the resulting
cleaved and full-length PCR products are analysed by gel electrophoresis. The primers used for the
T7E1 assay had the sequences GAACAGTGCCGCAGTGGCG (forward primer, SEQ ID NO:24)
and TACCCTCCAGCCTCGTGGC (reverse primer, SEQ ID NO:25) for an expected amplicon size
of 720 base-pairs (i. e., SEQ ID NO:21). Gel electrophoretic analysis demonstrated the presence of
the expected cleaved products.

[0175] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was

used. A second set of primers were used for CRISPR sequencing; these had the sequences
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ACTATGCGATTGCTTTCCTGGAC (forward primer, SEQ ID NO:26) and
ACCGCGAGTTGTTGTATCATATCT (reverse primer, SEQ ID NO:27) for an expected amplicon
size of 230 base-pairs which includes the ADHI1 first exon (i. e.,
ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGCCGGCAA
GCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCATGGAGGTGCGC
GTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGTCTACTTCTGGGAGGCCAA
GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATACAACAACTCGC
GGT, SEQ ID NO:28); the ADHI1 first exon (SEQ ID NQ:22) is indicated by bold, underlined text.
The NGS sequencing results are provided in Figures 1A — 1C. The editing efficiency was estimated
to be 38%.

[0176] Another gene selected for editing was the maize (Zea mays) Babyboom gene BBM2 (see
www]|dot]maizegdb|dot]org/gene center/gene/ GRMZM2G141638) with the partial genomic
sequence:
AACCGGTGTAATACATACTAAGGGCTAGTTTGGGAACCCTGGTTTTCTAAGGAATTT
TATTTTTCCAAAAAAAATAGTTTATTTTTCCTTCGGAAATTAGGAATCTCTTATAAAA
TTCGAGTTCCCAAACTATTCCTAATATATATATCATACTCTCCATCAGTCTATATATA
GATTACATATAGTAAGTATAGAGTATCTCGCTATCACATAGTGCCACTAATCTTCTG
GAGTGTACCAGTTGTATAAATATCTATCAGTATCAGCACTACTGTTTGCTGAATACCCC
AAAACTCTCTGCTTGACTTCTCTTCCCTAACCTTTGCACTGTCCAAAATGGCTTCCTGATC
CCCTCACTTCCTCGAATCATTCTAAGAAGAAACTCAAGCCGCTACCATTAGGGGCAGATT
AATTGCTGCACTTTCAGATAATCTACCATGGCCACTGTGAACAACTGGCTCGCTTTCTCCC
TCTCCCCGCAGGAGCTGCCGCCCTCCCAGACGACGGACTCCACGCTCATCTCGGCCGCCA
CCGCCGACCATGTCTCCGGCGATGTCTGCTTCAACATCCCCCAAGGTAGCATCTATCTAT
CTGGCGACATACGTG (SEQ ID NO:29); promoter sequence (SEQ ID NO:30), located at
nucleotide positions 1 — 254 of SEQ ID NO:29 is indicated by bold, underlined text and guide RNA

(crRNA) sequences were designed to edit this non-coding DNA.

[0177] Maize protoplasts were prepared as described in Example 1. A ribonucleoprotein (RNP)
was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA complex of a crRNA
(ZmBBM2-2) having the sequence AAGAGAUUCCUAAUUUCCGAGUUUUAGAGCUAUGCU
(SEQ ID NO:31) and a tracrRNA (both purchased from Integrated DNA Technologies, Coralville,
IA). This was used for editing the target gene BBM2 in the maize protoplasts following the
procedures described in Example 1.

[0178] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. The primers used for CRISPR sequencing had the sequences GGGAACCCTGGTTTTCTAAG
(forward primer, SEQ ID NO:32) and GCAAACAGTAGTGCTGATACTG (reverse primer, SEQ ID
NO:33) for an expected amplicon size of 248 base-pairs which includes the BBM2 promoter

sequence (7. e.,
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GGGAACCCTGGTTTTCTAAGGAATTTTATTTTTCCAAAAAAAATAGTTTATTTTTCCT
TCGGAAATTAGGAATCTCTTATAAAATTCGAGTTCCCAAACTATTCCTAATATATAT
ATCATACTCTCCATCAGTCTATATATAGATTACATATAGTAAGTATAGAGTATCTCG
CTATCACATAGTGCCACTAATCTTCTGGAGTGTACCAGTTGTATAAATATCTATCAGT
ATCAGCACTACTGTTTGC, SEQ ID NO:34); the BBM2 promoter sequence (SEQ ID NO:30) is

indicated by bold, underlined text.
Example 5

[0179] This example illustrates genome editing in dicot plants and further illustrates a method of
identifying a nucleotide sequence associated with a phenotype of interest. More specifically, this non-
limiting example describes delivering a guide RNA (gRNA) in the form of a ribonucleoprotein (RNP)
to isolated plant protoplasts, followed by screening to identify the protoplasts in which the target
nucleotide sequence has been altered by introduction of a double-strand break (DSB).

[0180] The target gene selected for editing was the kale (Brassica oleracea) Myb-like
transcription factor 2, BOMYBL?2 (see www|dot]ocri-genomics|dot]org/cgi-

bin/bolbase/gene detail[dot]cgi?locus=Bol016164#) with the partial genomic sequence:
GAAACCTACCAGTCTCTCCTTTGAAGAAGACATGAACAAAATTAGCCACGGCGCTCTA
TCTCGGCCTTCCGGTAACGTTTCTTGTTCAATATTGTTGTATTAGCTTTCATATGACCAA
ATTCTTCATAATTAAAGATCGGTATAGAAGTCATAGATTACATATATGTACATTTGCACG
GGTGAGTTTGCAACAAATGTCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGG
AATGCTGCACCGTGCC (SEQ ID NO:35); the first exon (SEQ ID NQ:36) and part of the
second exon (SEQ ID NO:37), located respectively at nucleotide positions 32 — 71 and 239 — 255 of
SEQ ID NO:35, are indicated by bold, underlined text.

[0181] Kale protoplasts were prepared as described in Example 1. A ribonucleoprotein (RNP)
was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA complex of a crRNA
(BoMYBL2-2) having the sequence GAACAAGAAACGUUACCGGAGUUUUAGAGCUAUGCU
(SEQ ID NO:38) and a tracrRNA (both purchased from Integrated DNA Technologies, Coralville,
IA). This was used for editing the target gene BoMYBL2 in the kale protoplasts following the
procedures described in Example 1.

[0182] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. The primers used for CRISPR sequencing had the sequences
GAAACCTACCAGTCTCTCCTTTG (forward primer, SEQ ID NO:39) and
GGCACGGTGCAGCATTCCTA (reverse primer, SEQ ID NO:40) for an expected amplicon size of
255 base-pairs (7. e., SEQ ID NO:35). The NGS sequencing results are provided in Figures 2A — 2F.
The editing efficiency was estimated to be 21%.

[0183] Another gene selected for editing was the kale (Brassica oleracea) “Gigantea” gene

BoGl, transgenic silencing of which has been reported to result in delaying flowering and leaf
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senescence in broccoli (Brassica oleracea L. var. italica), see Thiruvengadam ef al. (2015) Plant Mol.
Biol. Rep., doi 10.1007/s11105-015-0852-3). The kale BoGI gene (see www]|dot]ocri-
genomics|dot]org/cgi-bin/bolbase/gene detail[dot]cgi?locus=Bol023541#) has the partial genomic
sequence:
CCGATGGTCTTCAGTTCTCTTCCTTGTTATGGTCTCCCCCACGAGATCCTCAACAAC
ATAAGGTACTTAACAATAATAAATAAAGCCTCAGATGTCTCATCCATGAACCGGTGCTG
ATTGTCTTTCTCCTTAGGATCAAGTCGTTGCTTATGTCGAATACTTTGGTCGGTTCAC
ATCAGAGCAATTCCCTGATGATATTGCTGAGG (SEQ ID NO:41); part of the first exon
(SEQ ID NO:42) and the second exon (SEQ ID NO:43), located respectively at nucleotide positions
1 - 60 and 132 — 203 of SEQ ID NO:41, are indicated by bold, underlined text.

[0184] Kale protoplasts were prepared as described in Example 1. A ribonucleoprotein (RNP)
was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA complex of a crRNA
(BoGI-1) having the sequence UCGUGGGGGAGACCAUAACAGUUUUAGAGCUAUGCU (SEQ
ID NO:44) and a tracrRNA (both purchased from Integrated DNA Technologies, Coralville, 1A).
This was used for editing the target gene GI in the kale protoplasts following the procedures described
in Example 1.

[0185] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. The primers used for CRISPR sequencing had the sequences CCGATGGTCTTCAGTTCTCT
(forward primer, SEQ ID NO:45) and CCTCAGCAATATCATCAGGG (reverse primer, SEQ ID
NO:46) for an expected amplicon size of 206 base-pairs (i. e., SEQ ID NO:41). The NGS

sequencing results are provided in Figures 3A — 3C. The editing efficiency was estimated to be 76%.
Example 6

[0186] This example illustrates compositions and reaction mixtures useful for delivering at least
ong effector molecule for inducing a genetic alteration in a plant cell or plant protoplast.

[0187] Sequences of plasmids for delivery of Cas9 (Csnl) endonuclease from the Strepfococcus
pyogenes Type 11 CRISPR/Cas system (SEQ ID NO:136) and for delivery of a single guide RNA
(sgRNA) are provided in Tables 2 and 3. In this non-limiting example, the sgRNA targets the
endogenous phytoene desaturase (PDS) in soybean, Glycine max; one of skill would understand that

other sgRNA sequences for alternative target genes could be substituted in the plasmid.

TABLE 2: SGRNA VECTOR (SEQ ID NO:136), 3079 BASE PAIRS DNA

Nucleotide Description Comment
position in
SEQID
NO:136

1-3079 Intact plasmid SEQ ID NO:136

379 — 395 M13 forward primer for sequencing

412 =717 Glycine max U6 promoter
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Nucleotide Description Comment
position in
SEQID
NO:136
717 - 736 Glycine max phytoene desaturase targeting SEQ ID NO:137
sequence (gRNA)
737 - 812 guide RNA scaffold sequence for S. pyogenes SEQ ID NO:138
CRISPR/Cas9 system
856 — 874 M13 reverse primer for sequencing complement
882 — 898 lac repressor encoded by lacl
906 — 936 lac promoter for the £. coli lac operon complement
951 -972 L. coli catabolite activator protein (CAP)
binding site
1260 — 1848 high-copy-number ColE1/pMB1/pBR322/pUC | complement
origin of replication (left direction)
2019 - 2879 CDS for bla, beta-lactamase, AmpR complement; ampicillin
selection
2880 — 2984 bla promoter complement
[0188] The sgRNA vector having the sequence of SEQ ID NO:136 contains nucleotides at

positions 717 — 812 encoding a single guide RNA having the sequence of SEQ ID NO:139, which
includes both a targeting sequence (gRNA) (SEQ ID NO:137) and a guide RNA scaffold (SEQ ID
NO:138); transcription of the sgRNA is driven by a Glycine max U6 promoter at nucleotide positions
412 — 717. The sgRNA vector also includes lac operon and ampicillin resistance sequences for

convenient selection of the plasmid in bacterial cultures.

TABLE 3: ENDONUCLEASE VECTOR (SEQ ID NO:140), 8569 BASE PAIRS DNA

Nucleotide Description Comment
position in
SEQ ID
NO:140

18569 Intact plasmid SEQ ID NO:140

379 — 395 M13 forward primer for sequencing

419 — 1908 Glycine max UbiL promoter

1917 - 6020 Cas9 (Csnl) endonuclease from the SEQ ID NO:141 (encodes
Streptococcus pyogenes type 11 CRISPR/Cas protein with sequence of SEQ
system ID NO:142)

6033 — 6033 nuclear localization signal of SV40 large T SEQ ID NO:143 (encodes
antigen peptide with sequence of SEQ

ID NO:144

6065 — 6317 nopaline synthase (NOS) terminator and
polv(A) signal

6348 — 6364 M13 reverse primer for sequencing complement

6372 — 6388 lac repressor encoded by lacl

6396 — 6426 lac promoter for the £. coli lac operon complement

6441 -6462 L. coli catabolite activator protein (CAP)
binding site

6750 — 7338 high-copy-number ColE1/pMB1/pBR322/pUC | complement

origin of replication (left direction)
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Nucleotide Description Comment
position in
SEQ ID
NO:140
7509 — 8369 CDS for bla, beta-lactamase, AmpR complement; ampicillin
selection
8370 — 8474 bla promoter complement

[0189] The endonuclease vector having the sequence of SEQ ID NO:140 contains nucleotides at
positions 1917 — 6020 having the sequence of SEQ ID NO:141 and encoding the Cas9 nuclease from
Streptococcus pyogenes that has the amino acid sequence of SEQ ID NO:142, and nucleotides at
positions 6033 — 6053 having the sequence of SEQ ID NO:143 and encoding the nuclear localization
signal (NLS) of simian virus 40 (SV40) large T antigen that has the amino acid sequence of SEQ ID
NO:144. Transcription of the Cas9 nuclease and adjacent SV40 nuclear localization signal is driven
by a Glycine max UbiL promoter at nucleotide positions 419 — 1908; the resulting transcript including
nucleotides at positions 1917 — 6053 having the sequence of SEQ ID NO:145 encodes a fusion
protein having the sequence of SEQ ID NO:146 wherein the Cas9 nuclease is linked through a 4-
residue peptide linker to the SV40 nuclear localization signal. The endonuclease vector also includes
lac operon and ampicillin resistance sequences for convenient selection of the plasmid in bacterial
cultures.

[0190] Similar vectors for expression of nucleases and sgRNAs are also described, e. g., in
Fauser ef al. (2014) Plant J., 79:348 — 359; and described at www|[dot]addgene[dot[org/crispr. It will
be apparent to one skilled in the art that analogous plasmids are easily designed to encode other guide
polynucleotide or nuclease sequences, optionally including different elements (e. g., different
promoters, terminators, selectable or detectable markers, a cell-penetrating peptide, a nuclear
localization signal, a chloroplast transit peptide, or a mitochondrial targeting peptide, etc.), and used
in a similar manner. Embodiments of nuclease fusion proteins include fusions (with or without an
optional peptide linking sequence) between the Cas9 nuclease from Strepfococcus pyogenes that has
the amino acid sequence of SEQ ID NO:142 and at least one of the following peptide sequences: (a)
GRKKRRQRRRPPQ (“HIV-1 Tat (48-60)”, SEQ ID NO:147), (b) GRKKRRQRRRPQ (“TAT”,
SEQ ID NO:148), (c) YGRKKRRQRRR (“TAT (47-57)”, SEQ ID NO:149), (d)
KLALKLALKALKAALKLA (“MAP (KLAL)”, SEQ ID NO:150), (¢) RQIRIWFQNRRMRWRR
(“Penctratin-Arg”, SEQ ID NO:151), (f) CSIPPEVKFNKPFVYLI (“antitrypsin (358-374)”, SEQ ID
NO:152), (g) RRRQRRKKRGGDIMGEWGNEIFGAIAGFLG (“TAT-HA2 Fusion Peptide”, SEQ
ID NO:153), (h) FVQWFSKFLGRIL-NH2 (“Temporin L, amide”, SEQ ID NO:154), (1)
LLIILRRRIRKQAHAHSK (“pVEC (Cadherin-5)”, SEQ ID NO:155), (j)
LGTYTQDFNKFHTFPQTAIGVGAP (“Calcitonin”, SEQ ID NO:156), (k)
GAAEAAARVYDLGLRRLRQRRRLRRERVRA (“Neurturin”, SEQ ID NO:157), (1)
MGLGLHLLVLAAALQGAWSQPKKKRKYV (“Human P17, SEQ ID NO:158), (m)
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RQIKIWFQNRRMKWKKGG (“Penetratin”, SEQ ID NO:159), poly-arginine peptides including (n)
RRRRRRRR (“octo-arginine”, SEQ ID NO:160) and (0) RRRRRRRRR (“nono-arginine”, SEQ ID
NO:161), and (p) KKLFKKILKYLKKLFKKILKYLKKKKKKKK (“(BP100x2)-K8”, SEQ ID
NO:162); these nuclease fusion proteins are specifically claimed herein, as are analogous fusion
proteins including a nuclease selected from Cpfl, CasY, CasX, C2¢l, or C2¢3 and at least one of the
peptides having a sequence selected from SEQ ID NOs:147 — 162. In other embodiments, such
vectors are used to produce a guide RNA (such as one or more crRNAs or sgRNAs) or the nuclease
protein; guide RNAs and nucleases can be combined to produce a specific ribonucleoprotein complex
for delivery to the plant cell; in an example, a ribonucleoprotein including the sgRNA having the
sequence of SEQ ID NO:139 and the Cas9-NLS fusion protein having the sequence of SEQ ID
NO:146 is produced for delivery to the plant cell. Related aspects of the invention thus encompass
ribonucleoprotein compositions containing the ribonucleoprotein including the sgRNA having the
sequence of SEQ ID NO:139 and a Cas9 fusion protein such as the Cas9-NLS fusion protein having
the sequence of SEQ ID NO:146, and polynucleotide compositions containing one or more
polynucleotides including the sequences of SEQ ID NOs:139 or 145. The above sgRNA and
nuclease vectors are delivered to plant cells or plant protoplasts using compositions and methods
described in the specification.

[0191] A plasmid (“pCas9TPC-GmPDS”) having the nucleotide sequence of SEQ ID NO:163
was designed for simultaneous delivery of Cas9 (Csnl) endonuclease from the Streptococcus
pyogenes Type II CRISPR/Cas system and a single guide RNA (sgRNA) targeting the endogenous
phytoene desaturase (PDS) in soybean, Glycine max. In this non-limiting example, the sgRNA targets
the endogenous phytoene desaturase (PDS) in soybean, Glycine max; one of skill would understand
that other sgRNA sequences for alternative target genes could be substituted in the plasmid. The

sequences of this plasmid and specific elements contained therein are described in Table 4 below.

TABLE 4: PCASOTPC-GMPDS VECTOR (SEQ ID NO:163), 14548 BASE PAIRS DNA

Nucleotide Description Comment
position in SEQ
ID NO:163
1 — 14548 Intact plasmid SEQ ID NO:163
1187 - 1816 pVSI StaA stability protein from the
Pseudomonas plasmid pVSI
2250 - 3317 pVS1 RepA replication protein from the
Pseudomonas plasmid pVSI
3383 - 3577 pVSl1 onV origin of replication for the
Pseudomonas plasmid pVSI
3921 -4061 basis of mobility region from pBR322
4247 — 4835 high-copy-number ColE1/pMB1/pBR322/pUC | complement
origin of replication (left direction)
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Nucleotide Description Comment
position in SEQ
ID NO:163
5079 - 5870 aminoglycoside adenylyltransferase (aadA), complement

confers resistance to spectinomycin and
streptomycin

Streptococcus pyogenes type I CRISPR/Cas
system

6398 — 6422 left border repeat from nopaline C58 T-DNA
6599 — 6620 E. coli catabolite activator protein (CAP)
binding site
6635 — 6665 lac promoter for the £. coli lac operon
6673 — 6689 lac repressor encoded by lacl
6697 — 6713 M13 reverse primer for sequencing
6728 — 7699 PcUbi4-2 promoter
7714 - 11817 Cas9 (Csnl) endonuclease from the SEQ ID NO:141 (encodes

protein with sequence of
SEQ ID NO:142)

11830 - 11850

nuclear localization signal of SV40 large T
antigen

SEQ ID NO:143 (encodes
peptide with sequence of
SEQ ID NO:144

11868 — 12336

Pea3 A terminator

12349 - 12736

AtU6-26 promoter

12737 - 12756

Glycine max phytoene desaturase targeting
sequence (gRNA)

SEQ ID NO:137

12757 — 12832

guide RNA scaffold sequence for S. pyogenes
CRISPR/Cas9 system

SEQ ID NO:138

12844 — 12868 attB2; recombination site for Gateway® BP complement
reaction

13549 - 14100 Streptomyces hygroscopicus bar or pat, encodes
phosphinothricin acetyltransferase, confers
resistance to bialophos or phosphinothricin

14199 — 14215 M13 forward primer, for sequencing complement

14411 — 14435

right border repeat from nopaline C58 T-DNA

[0192]

The pCas9TPC-GmPDS vector having the sequence of SEQ ID NO:163 contains

nucleotides at positions 12737 — 12832 encoding a single guide RNA having the sequence of SEQ ID
NO:139, which includes both a targeting sequence (gRNA) (SEQ ID NO:137) and a guide RNA
scaffold (SEQ ID NO:138); transcription of the single guide RNA is driven by a AtU6-26 promoter
at nucleotide positions 12349 — 12736. This vector further contains nucleotides at positions 7714 —
11817 having the sequence of SEQ ID NO:141 and encoding the Cas9 nuclease from Strepfococcus
pyvogenes that has the amino acid sequence of SEQ ID NO:142, and nucleotides at positions 11830 —
11850 having the sequence of SEQ ID NQO:143 and encoding the nuclear localization signal (NLS) of
simian virus 40 (SV40) large T antigen that has the amino acid sequence of SEQ ID NO:144.
Transcription of the Cas9 nuclease and adjacent SV40 nuclear localization signal is driven by a
PcUbi4-2 promoter at nucleotide positions 6728 — 7699; the resulting transcript including nucleotides
at positions 7714 — 11850 having the sequence of SEQ ID NQ:145 encodes a fusion protein having
the sequence of SEQ ID NO:146 wherein the Cas9 nuclease is linked through a 4-residue peptide
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linker to the SV40 nuclear localization signal. The pCas9TPC-GmPDS vector also includes lac

operon, aminoglycoside adenylyltransferase, and phosphinothricin acetyltransferase sequences for

convenient selection of the plasmid in bacterial or plant cultures.

[0193]

A plasmid (“pCas9TPC-NbPDS”) having the nucleotide sequence of SEQ ID NO:164

was designed for simultaneous delivery of Cas9 (Csnl) endonuclease from the Streptococcus

pyogenes Type II CRISPR/Cas system and a single guide RNA (sgRNA) targeting the endogenous

phytoene desaturase (PDS) in Nicotiana benthamiana; see Nekrasov et al. (2013) Nature Biotechnol.,

31:691 — 693. In this non-limiting example, the sgRNA targets the endogenous phytoene desaturase

(PDS) in Nicotiana benthamiana; one of skill would understand that other sgRNA sequences for

alternative target genes could be substituted in the plasmid. The sequences of this plasmid and

specific elements contained therein are described in Table 5 below.

TABLE 5: PCASOTPC-NBPDS VECTOR (SEQ ID NO:164), 14548 BASE PAIRS DNA

Nucleotide Description Comment
position in SEQ
ID NO:164
114548 Intact plasmid SEQ ID NO:164
1187 - 1816 pVSI StaA stability protein from the
Pseudomonas plasmid pVSI
2250 - 3317 pVS1 RepA replication protein from the
Pseudomonas plasmid pVSI
3383 - 3577 pVSl1 onV origin of replication for the
Pseudomonas plasmid pVSI
3921 -4061 basis of mobility region from pBR322
4247 — 4835 high-copy-number ColE1/pMB1/pBR322/pUC | Complement
origin of replication (left direction)
5079 - 5870 aminoglycoside adenylyltransferase (aadA), Complement
confers resistance to spectinomycin and
streptomycin
6398 — 6422 left border repeat from nopaline C58 T-DNA
6599 — 6620 L. coli catabolite activator protein (CAP)
binding site
6635 — 6665 lac promoter for the £. coli lac operon
6673 — 6689 lac repressor encoded by lacl
6697 — 6713 M13 reverse primer for sequencing
6728 — 7699 PcUbi4-2 promoter
7714 - 11817 Cas9 (Csnl) endonuclease from the SEQ ID NO:141 (encodes
Streptococcus pyogenes type I CRISPR/Cas protein with sequence of
system SEQ ID NO:142)
11830 - 11850 nuclear localization signal of SV40 large T SEQ ID NO:143 (encodes
antigen peptide with sequence of
SEQ ID NO:144
11868 — 12336 Peca3A terminator
12349 — 12736 | AtU6-26 promoter
12737 - 12756 Nicotiana benthamiana phytoene desaturase SEQ ID NO:165
targeting sequence
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Nucleotide Description Comment
position in SEQ
ID NO:164
12757 — 12832 guide RNA scaffold sequence for S. pyogenes SEQ ID NO:138
CRISPR/Cas9 system
12844 — 12868 attB2; recombination site for Gateway® BP Complement
reaction

13549 - 14100 Streptomyces hygroscopicus bar or pat, encodes
phosphinothricin acetyltransferase, confers
resistance to bialophos or phosphinothricin
14199 — 14215 M13 forward primer, for sequencing Complement
14411 — 14435 right border repeat from nopaline C58 T-DNA

[0194] The pCas9TPC-NbPDS vector having the sequence of SEQ ID NO:164 contains
nucleotides at positions 12737 — 12832 encoding a single guide RNA having the sequence of SEQ ID
NO:166, which includes both a targeting sequence (gRNA) (SEQ ID NO:165) and a guide RNA
scaffold (SEQ ID NO:138); transcription of the single guide RNA is driven by a AtU6-26 promoter
at nucleotide positions 12349 — 12736. This vector further contains nucleotides at positions 7714 —
11817 having the sequence of SEQ ID NO:141 and encoding the Cas9 nuclease from Strepfococcus
pyvogenes that has the amino acid sequence of SEQ ID NO:142, and nucleotides at positions 11830 —
11850 having the sequence of SEQ ID NQO:143 and encoding the nuclear localization signal (NLS) of
simian virus 40 (SV40) large T antigen that has the amino acid sequence of SEQ ID NO:144.
Transcription of the Cas9 nuclease and adjacent SV40 nuclear localization signal is driven by a
PcUbi4-2 promoter at nucleotide positions 6728 — 7699; the resulting transcript including nucleotides
at positions 7714 — 11850 having the sequence of SEQ ID NQ:145 encodes a fusion protein having
the sequence of SEQ ID NO:146 wherein the Cas9 nuclease is linked through a 4-residue peptide
linker to the SV40 nuclear localization signal. The pCas9TPC-NbPDS vector also includes lac
operon, aminoglycoside adenylyltransferase, and phosphinothricin acetyltransferase sequences for

convenient selection of the plasmid in bacterial or plant cultures.
Example 7

[0195] This example illustrates examples of transcription factor binding sequences that can be
included in the sequence of a polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
that is integrated at the site of an at least one double-strand break (DSB) in a genome. In an
embodiment, the polynucleotide donor molecule includes one or more strands containing chemically
modified DNA. Embodiments include double-stranded DNA or double-stranded DNA/RNA hybrid
donor molecules, and single-stranded DNA or single-stranded DNA/RNA hybrid donor molecules,
the sequence of which in analogous procedures is integrated at the site of at least one DSB. In an

embodiment, sequence encoded by the polynucleotide donor molecule that is integrated at the site of
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at least one double-strand break (DSB) in a genome includes a transcription factor binding sequence,

the specific binding agent is the corresponding transcription factor (or more specifically, the DNA-

binding domain of the corresponding transcription factor), and the change in expression is

upregulation or downregulation (depending on the type of transcription factor involved). In an

embodiment, the transcription factor is an activating transcription factor or activator, and the change

in expression is upregulation or increased expression of a sequence of interest to which the

transcription factor binding sequence, when integrated at a DSB in the genome, is operably linked. In

another embodiment, the transcription factor is a repressing transcription factor or repressor, and the

change in expression is downregulation or decreased expression of a sequence of interest to which the

transcription factor binding sequence when integrated at a DSB in the genome, is operably linked.

[0196]

Examples of transcription factor binding sequences useful in compositions, reaction

mixtures, cells, and methods of the invention include the Arabidopsis thaliana sequences provided in

Table 6 (publicly available at arabidopsis|dotjmed|dot]ohio-

state[dot]edu/AtcisDB/bindingsites|dot|html).

TABLE 6
Transcription Factor Binding Sequence or consensus motif SEQ ID
Site Name NO:
ABFs binding site motif CACGTGGC 167
ABRE binding site motif (C/DHACGTGGC 168
ABRE-like binding site motif (C/G/THACGTG(G/TYA/C) 169
ACE promoter motif GACACGTAGA 170
AQG binding site motif TTA/G/T)CCA/THA/TYA/THA/THA/THA/TYGG(A/C/ 171
D
AQG binding site in AP3 CCATTTTTAGT 172
AQG binding site in SUP CCATTTTTGG 173
AGL1 binding site motif NTT(A/G/T)CCA/THA/TYA/T(A/TINNGG(A/T) AAN 174
AGL2 binding site motif NNA/T)INCCAA/TYA/THA/THATT(A/G)G(A/THA/T 175
)AN
AGL3 binding site motif TTA/THC(CMAA/THAMATA/DTA/G)GA/T)AA 176
AP1 binding site in AP3 CCATTTTTAG 177
AP1 binding site in SUP CCATTTTTGG 178
AREF binding site motif TGTCTC 179
ARF1 binding site motif TGTCTC 180
ATHBI binding site motif CAATA/MATTG 181
ATHB?2 binding site motif CAAT(C/GATTG 182
ATHBS binding site motif CAATNATTG 183
ATHBS6 binding site motif CAATTATTA 184
AtMYB?2 binding site in RD22 CTAACCA 185
AtMY C2 binding site in RD22 CACATG 186
Box II promoter motif GGTTAA 187
CArG promoter motif CCA/MHA/TA/DA/THATIATDGG 188
CArG1 motif in AP3 GTTTACATAAATGGAAAA 189
CArG2 motif in AP3 CTTACCTTTCATGGATTA 190
CArG3 motif in AP3 CTTTCCATTTTTAGTAAC 191
CBF1 binding site in corl5a TGGCCGAC 192
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Transcription Factor Binding Sequence or consensus motif SEQ ID
Site Name NO:
CBF2 binding site motif CCACGTGG 193
CCAI binding site motif AAA/C)AATCT 194
CCAI motifl binding site in AAACAATCTA 195
CABI
CCA1 motif2 binding site in AAAAAAAATCTATGA 196
CABI
DPBF1&2 binding site motif ACACNNG 197
DRE promoter motif TACCGACAT 198
DREB1&2 binding site in rd29a | TACCGACAT 199
DRE-like promoter motif (A/G/T)Y(A/G)CCGACN(A/T) 200
E2F binding site motif TTTCCCGC 201
E2F/DP binding site in AtCDC6 [ TTTCCCGC 202
E2F-varient binding site motif TCTCCCGCC 203
EIL1 binding site in ERF1 TTCAAGGGGGCATGTATCTTGAA 204
EIL2 binding site in ERF1 TTCAAGGGGGCATGTATCTTGAA 205
EIL3 binding site in ERF1 TTCAAGGGGGCATGTATCTTGAA 206
FEIN3 binding site in ERF1 GGATTCAAGGGGGCATGTATCTTGAATCC 207
ERE promoter motif TAAGAGCCGCC 208
ERF1 binding site in AtCHI-B GCCGCC 209
EveningElement promoter motif | AAAATATCT 210
GATA promoter motif (A/TYGATA(G/A) 211
GBF1/2/3 binding site in ADHI CCACGTGG 212
G-box promoter motif CACGTG 213
GCC-box promoter motif GCCGCC 214
GT promoter motif TGTGTGGTTAATATG 215
Hexamer promoter motif CCGTCG 216
HSEs binding site motif AGAANNTTCT 217
Ibox promoter motif GATAAG 218
JASEI motif in OPRI CGTCAATGAA 219
JASE2 motif in OPR2 CATACGTCGTCAA 220
L1-box promoter motif TAAATG(C/T)A 221
LS5 promoter motif ACGTCATAGA 222
LS7 promoter motif TCTACGTCAC 223
LTRE promoter motif ACCGACA 224
MRE motif in CHS TCTAACCTACCA 225
MY B binding site promoter (A/OACCA/DHAA/CO)C 226
MYBI binding site motif (A/OTCC(A/T)ACC 227
MYB2 binding site motif TAACT(G/C)GTT 228
MY B3 binding site motif TAACTAAC 229
MYB4 binding site motif A(A/C)C(A/THAA/C)C 230
Nonamer promoter motif AGATCGACG 231
OBF4,5 binding site in GST6 ATCTTATGTCATTGATGACGACCTCC 232
OBP-1.4,5 binding site in GST6 | TACACTTTTGG 233
OCS promoter motif TGACG(C/T)AAG(C/GYA/GYA/CYT(G/TYACG(C/THA/ 234

O)(A/C)
octamer promoter motif CGCGGATC 235
PI promoter motif GTGATCAC 236
PII promoter motif TTGGTTTTGATCAAAACCAA 237
PRHA binding site in PALI TAATTGACTCAATTA 238
RAV1-A binding site motif CAACA 239
RAV1-B binding site motif CACCTG 240
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Transcription Factor Binding Sequence or consensus motif SEQ ID
Site Name NO:
RY -repeat promoter motif CATGCATG 241
SBP-box promoter motif TNCGTACAA 242
T-box promoter motif ACTTTG 243
TEF-box promoter motif AGGGGCATAATGGTAA 244
TELO-box promoter motif AAACCCTAA 245
TGAI binding site motif TGACGTGG 246
W-box promoter motif TTGAC 247
Z-box promoter motif ATACGTGT 248
AG binding site in SPL/NOZ AAAACAGAATAGGAAA 249
Bellringer/replumless/pennywise | AAATTAAA 250
binding site IN AG
Bellringer/replumless/pennywise | AAATTAGT 251
binding site 2 in AG
Bellringer/replumless/pennywise | ACTAATTT 252
binding site 3 in AG
AGLI15 binding site in AtGA20x6 | CCAATTTAATGG 253
ATB2/AtbZIP53/AtbZIP44/GBF5 | ACTCAT 254
binding site in ProDH
LFY binding site in AP3 CTTAAACCCTAGGGGTAAT 255
SORLREPI TT(A/T)TACTAGT 256
SORLREP2 ATAAAACGT 257
SORLREP3 TGTATATAT 258
SORLREP4 CTCCTAATT 259
SORLREP3 TTGCATGACT 260
SORLIP1 AGCCAC 261
SORLIP2 GGGCC 262
SORLIP3 CTCAAGTGA 263
SORLIP4 GTATGATGG 264
SORLIP5 GAGTGAG 265
ABFs binding site motif CACGTGGC 266

[0197] Other transcription factors and sequences or nucleotide motifs for the corresponding

transcription factor recognition sites are known in the art and can similarly be included in a

polynucleotide molecule sequence to be integrated at one or more DSBs introduced into genomic

sequence; see, e. g., ncomorph[dot]salk[dot]edu/dap web/pages/index|dot|php.

Example 8

[0198]

This example illustrates a method of integrating sequence encoded by a polynucleotide

(such as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a
double-stranded DNA/RNA hybrid) donor molecule at the site of at least one double-strand break

(DSB) in a genome. More specifically, this non-limiting example illustrates using a ribonucleoprotein

(RNP) including a guide RNA (gRNA) and a nuclease to effect a DSB in the genome of a monocot

plant, and integration of sequence encoded by a double-stranded DNA (dsDNA) at the site of the

DSB.
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[0199] Experimental details were similar to those described in Example 4. As in Example 4, the
target gene selected for editing was the maize (Zea mays) alcohol dehydrogenase ADH1 (see
www]|dot]maizegdb|dot]org/gene center/gene/GRMZM2G442658) with the partial genomic
sequence of SEQ ID NO:21; the first exon (SEQ ID NO:22) is located at nucleotide positions 409 —
571 of SEQ ID NO:21 and guide RNA (crRNA) sequences were designed to edit this exon.

[0200] Maize protoplasts were prepared as described in Examples 1 and 4. A ribonucleoprotein
(RNP) was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA complex of a
c¢rRNA (ZmADH1-B) having the sequence
GGCCUCCCAGAAGUAGACGUGUUUUAGAGCUAUGCU (SEQ ID NO:23) and a tracrRNA
(both purchased from Integrated DNA Technologies, Coralville, IA). A chemically modified double-
stranded DNA (dsDNA) molecule of 34 base pairs was produced by annealing one strand having the
sequence 5’ -GTTTAATTGAGTTGTCATATGTTAATAACGGTAT-3" (SEQ ID NO:267, which
contains an Ndel recognition site at nucleotide positions 16 — 21 shown as underlined font) and a
second strand having the sequence 5°-ATACCGTTATTAACATATGACAACTCAATTAAAC-3’
(SEQ ID NO:268) (both purchased from Integrated DNA Technologies, Coralville, IA); each strand
was phosphorylated on the 5° end and contained two phosphorothioate linkages at each terminus (i. e.,
the two linkages between the most distal three bases on either end of the strand). Transfection
procedures for editing the target gene ADHI in the maize protoplasts were identical to those described
in Examples 1 and 4, except the dsDNA was added at a concentration of 1 nanomolar together with
the RNP. (In an alternative procedure, the RNP can be added first, followed by the dsDNA.)

[0201] A T7 endonuclease (T7E1, New England Biolabs, Ipswich, MA) was used in a
heteroduplex cleavage assay to detect on-target editing. In brief, genomic DNA from the protoplasts
was amplified by PCR; the amplified products were denatured and re-annealed to allow heteroduplex
formation between wild-type or unedited DNA and the edited DNA. T7E1, which recognizes and
cleaves mismatched DNA, was used to digest the heteroduplexes, and the resulting cleaved and full-
length PCR products are analysed by gel electrophoresis. The primers used for the T7E1 assay had
the sequences GAACAGTGCCGCAGTGGCG (forward primer, SEQ ID NO:24) and
TACCCTCCAGCCTCGTGGC (reverse primer, SEQ ID NO:25) for an expected amplicon size of
720 base-pairs (i. e., SEQ ID NO:21). In a separate endonuclease assay, Ndel restriction enzyme was
used. In both the T7E1 and Ndel assays, gel electrophoretic analysis demonstrated the presence of the
expected cleavage products.

[0202] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. A second set of primers were used for CRISPR sequencing; these had the sequences
ACTATGCGATTGCTTTCCTGGAC (forward primer, SEQ ID NO:26) and
ACCGCGAGTTGTTGTATCATATCT (reverse primer, SEQ ID NO:27) for an expected amplicon
size of 230 base-pairs (SEQ ID NO:28) which includes the ADHI first exon (SEQ ID NO:22). The
NGS sequencing results are provided in Figures 4A — 4D, depicting the alignments of the cloned
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sequences SEQ ID NQOs:269 — 304. The editing efficiency (percentage of the total population of cells
in which DSB is correctly induced in the genome) was estimated to be 23% and the insertion
efficiency (percentage of the total population of cells in which the dsDNA molecule is successfully
introduced at the DSB correctly located in the genome) was estimated to be 17%.

[0203] Additional experiments were carried out using the same procedure for editing the ADH1
maize gene, using variations of the 34-base-pair chemically modified dsDNA molecule (all purchased
from Integrated DNA Technologies, Coralville, IA) provided at 1 nanomolar together with the RNP to
maize protoplasts. In one set of experiments, the dsDNA molecule was provided by annealing one
DNA strand having the sequence of SEQ ID NO:267 and a second DNA strand having the sequence
(SEQ ID NO:268); each strand was phosphorylated on the 5” end but contained no phosphorothioate
linkages. In a second set of experiments, the dsDNA molecule was provided by annealing one DNA
strand having the sequence of SEQ ID NO:267 and a second DNA strand having the sequence (SEQ
ID NO:268); cach strand was phosphorylated on the 5° end and contained four phosphorothioate
linkages at each terminus (7. e., the four linkages between the most distal five bases on either end of
the strand). In a second set of experiments, the dsSDNA molecule was provided by annealing one
DNA strand having the sequence of SEQ ID NQ:267 and that was phosphorylated on the 5” end and
contained two phosphorothioate linkages at each terminus (7. e., the two linkages between the most
distal three bases on either end of the strand), and a second DNA strand having the sequence (SEQ ID
NQO:268) and that contained two phosphorothioate linkages at each terminus (i. e., the two linkages
between the most distal three bases on either end of the strand) but was not phosphorylated on the 5°

end.
Example 9

[0204] This example illustrates a method of changing expression of a sequence of interest in a
genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule at the site of at least one double-strand break (DSB) in a genome. More
specifically, this non-limiting example illustrates using a ribonucleoprotein (RNP) including a guide
RNA (gRNA) and a nuclease to effect a DSB in the genome of a monocot plant, and integration of
sequence encoded by a double-stranded DNA (dsDNA) at the site of the DSB, wherein the sequence
encoded by the dsDNA molecule includes a sequence recognizable by a specific binding agent, and
wherein contacting the integrated sequence encoded by the dsDNA molecule with the specific binding
agent results in a change of expression of a sequence of interest. In this particular example, sequence
encoded by the dsDNA molecule is integrated at a DSB located in non-coding genomic sequence (7.
e., in a promoter region), the sequence recognizable by a specific binding agent includes an auxin
response element (AuxRE) sequence, the specific binding agent is an auxin (e. g., an exogenously

applied auxin), and the change of expression is upregulation of the sequence of interest.
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[0205] Experimental details were similar to those described in Examples 4 and 8. The target
gene selected for editing was non-coding sequence, in this case the partial promoter sequence
(sequence upstream of the transcription start site) of the maize (Zea mays) Lc gene (see
www]|dot|maizegdb|dot]org/gene center/gene/GRMZMS5G822829) with the sequence of
GGGTTGTTGTGGGTTGAACCCGTCCCAACCATCATCAACTCGCTAGCCAAACACACGCTT
AGGGGCCAAAGCAGTGCTATAATATGAGTGGTGGCGCTATTATATATAGCGTCAGAGAA
CTTAGATCTGATATTCTGATGAAGAAAAAATGACTTTACTGACTACGAAAGAAGAAGAA
AGGAGCTATAGAGAGAGAGAAAAAGAGGGGTCGTGTAGTGCTTAAACTGTACATGAAC
AGCAGTAGTGTTACAGAAGCTAAACTCAACCAGAGCTCCACCAAAGACAAAGAGGGTCT
ACTTCCATCACCGTCTTGCTCGGTCACTTGGAGCTCTGTCCATAAATTAAACCCATCTTGG
ATCCCAAGGTTCGTGGCATATCTGTAGGCATCTACCCCGTCTTCGTCGTCCGCTCCTCACT
AGCTACCAAGAGGTCGCCATTATTGCCAACATAGAGTGTACGTGGATGTCTATATATATG
CCTACTTGCACCCATATGGC (SEQ ID NO:305); and guide RNA (crRNA) sequences were
designed to edit this non-coding sequence.

[0206] Maize protoplasts were prepared as described in Examples 1, 4, and 8. A
ribonucleoprotein (RNP) was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA
complex of a crRNA (ZmLc Pro-1) having the sequence
GCUCCUCACUAGCUACCAAGGUUUUAGAGCUAUGCU (SEQ ID NO:306) and a tracrRNA
(both purchased from Integrated DNA Technologies, Coralville, IA). Three different lengths of
chemically modified double-stranded DNA (dsDNA) molecules were used in this experiment, with
cach dsDNA added at a concentration of 1 nanomolar together with the RNP. The transfection
procedures for editing the target gene Lc in the maize protoplasts were otherwise identical to those
described in Example 8.

[0207] All dsDNA molecules were purchased from Integrated DNA Technologies, Coralville,
IA. One dsDNA (“3xDR57) molecule of 34 base pairs was produced by annealing a first strand
having the sequence 5°-ccgacaaaaggecgacaaaaggcecgacaaaaggt-3” (SEQ ID NO:306) and a second
strand having the sequence 5’ -accttttgtcggecttttgteggecttttgtcgg-3" (SEQ ID NO:307, which includes
three concatenated copies of an auxin response element having the sequence ccttttgtcgg (SEQ ID
NO:308)). A second dsDNA (“6xDR5”) molecule of 68 base pairs was produced by annealing a first
strand having the sequence 5°-
GCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCC
GACAAAAGGT-3" (SEQ ID NO:309) and a second strand having the sequence 5°-
ACCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTT
GTCGGC -3° (SEQ ID NO:310, which includes six concatenated copies of the auxin response
element having the sequence SEQ ID NO:308). A third dsDNA (“9xDR5”) molecule of 100 base
pairs was produced by annealing a first strand having the sequence 5°-
CCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCG
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ACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGT-3’ (SEQ ID NO:311) and
a second strand having the sequence 5°-
ACCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTT
GTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGG-3" (SEQ ID NO:312 which includes
nine concatenated copies of the auxin response element having the sequence SEQ ID NO:308). In all
cases, cach strand was phosphorylated on the 5” end and contained two phosphorothioate linkages at
cach terminus (i. e., the two linkages between the most distal three bases on either end of the strand).
[0208] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. A second set of primers were used for CRISPR sequencing; these had the sequences
CTCCACCAAAGACAAAGAGGG (forward primer, SEQ ID NO:313) and
GCCATATGGGTGCAAGTAGGC (reverse primer, SEQ ID NO:314) for an expected amplicon size
of 226 base-pairs (SEQ ID NO:315). Based on the NGS sequencing results, the editing efficiency
(percentage of the total population of cells in which DSB is correctly induced in the genome) for the
3xDRS5 insertion was estimated to be 34% and the insertion efficiency (percentage of the total
population of cells in which the dsDNA molecule is successfully introduced at the DSB correctly
located in the genome) was estimated to be 21%,; for the 6xDRS5 insertion, the editing efficiency was
estimated to be 25% and the insertion efficiency was estimated to be 3%; and for the 9xDRS insertion,
the editing efficiency was estimated to be 11% and the insertion efficiency was estimated to be less
than 1%.

[0209] All of the dsDNA molecules were designed to contain at least one sequence recognizable
by a specific binding agent, in this case multiple copies of an auxin response element (SEQ ID
NO:308). As the dsDNA molecules were integrated at the site of a DSB in promoter sequence
operably linked to the gene of interest (the endogenous maize L¢ gene), and the culture medium
contained an herbicide (2, 4-dichlorophenoxyacetic acid) with auxin-like properties, expression of the
gene of interest (the L¢ gene) was expected to increase in cells that had the dsDNA molecule
integrated into their genome, relative to that in cells that did not have the dsDNA molecule integrated
into their genome. Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the Le gene. Controls were cells that had been subjected to the
transfection procedure without an RNP. Results are provided in Table 7 with Lc gene expression
levels normalized to tubulin. These data demonstrate that, in each case, integration of the dsDNA
molecules containing the auxin response factor sequences into the Lc promoter region resulted in very

strong upregulation of L¢ expression in the presence of auxin.

Table 7
Increase
Lc relative | standard | in relative
Treatment expression | deviation | expression
dsDNA = 3xDR5 3863.48 174.46 304-fold
dsDNA = 6xDR5 1479.15 74.99 116-fold
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Increase

Lc relative | standard | in relative

Treatment expression | deviation | expression

dsDNA = 9xDR5 1030.89 28.01 81-fold

RNP alone (no dsDNA) 12.72 2.63 1

no RNP 1.02 0.25 n.a.

Example 10

[0210] This example illustrates a method of integrating sequence encoded by a polynucleotide

(such as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a
double-stranded DNA/RNA hybrid) donor molecule at the site of at least one double-strand break
(DSB) in a genome. More specifically, this non-limiting example illustrates using a ribonucleoprotein
(RNP) including a guide RNA (gRNA) and a nuclease to effect a DSB in the genome of a dicot plant,
and integration of sequence encoded by a double-stranded DNA (dsDNA) at the site of the DSB.
[0211] Experimental details were similar to those described in Example 5. As in Example 5, the
target gene selected for editing was the kale (Brassica oleracea) “Gigantea” gene BoGI with the
partial genomic sequence of SEQ ID NO:41, including part of the first exon (SEQ ID NO:42) and
the second exon (SEQ ID NO:43) located respectively at nucleotide positions 1 — 60 and 132 — 203
of SEQ ID NO:41.

[0212] Kale protoplasts were prepared as described in Examples 1 and 5. A ribonucleoprotein
(RNP) was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA complex of a
crRNA (BoGlI-1) having the sequence of SEQ ID NO:44 and a tracrRNA (both purchased from
Integrated DNA Technologies, Coralville, IA). A chemically modified double-stranded DNA
(dsDNA) molecule of 34 base pairs was produced by annealing one strand having the sequence of
SEQ ID NO:267, containing an Ndel recognition site at nucleotide positions 16 — 21, and a second
strand having the sequence of SEQ ID NO:268 (both purchased from Integrated DNA Technologies,
Coralville, IA); each strand was phosphorylated on the 5° end and contained two phosphorothioate
linkages at each terminus (i. e., the two linkages between the most distal three bases on either end of
the strand).
[0213] Transfection procedures for editing the target gene BoGI in the kale protoplasts were
identical to those described in Examples 1 and 5, except the dsDNA was added at a concentration of 1
nanomolar together with the RNP. (In an alternative procedure, the RNP can be added first, followed
by the dsDNA )

[0214] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. The primers used for CRISPR sequencing had the sequences CCGATGGTCTTCAGTTCTCT
(forward primer, SEQ ID NO:45) and CCTCAGCAATATCATCAGGG (reverse primer, SEQ ID
NQO:46) for an expected amplicon size of 206 base-pairs (i. e., SEQ ID NO:41). The editing

efficiency was estimated to be 76%.
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[0215] Additional experiments were carried out using the same procedure for editing the kale
BoGI gene, using variations of the 34-base-pair chemically modified dsDNA molecule (all purchased
from Integrated DNA Technologies, Coralville, IA) provided at 1 nanomolar together with the RNP to
maize protoplasts. In one set of experiments, the dsDNA molecule was provided by annealing one
DNA strand having the sequence of SEQ ID NO:267 and a second DNA strand having the sequence
(SEQ ID NO:268); each strand was phosphorylated on the 5” end but contained no phosphorothioate
linkages. In a second set of experiments, the dsDNA molecule was provided by annealing one DNA
strand having the sequence of SEQ ID NO:267 and a second DNA strand having the sequence (SEQ
ID NO:268); cach strand was phosphorylated on the 5° end and contained four phosphorothioate
linkages at each terminus (7. e., the four linkages between the most distal five bases on either end of
the strand). In a second set of experiments, the dsDNA molecule was provided by annealing one
DNA strand having the sequence of SEQ ID NQ:267 and that was phosphorylated on the 5” end and
contained two phosphorothioate linkages at each terminus (7. e., the two linkages between the most
distal three bases on either end of the strand), and a second DNA strand having the sequence (SEQ ID
NQO:268) and that contained two phosphorothioate linkages at each terminus (i. e., the two linkages
between the most distal three bases on either end of the strand) but was not phosphorylated on the 5°

end.

Example 11

[0216] This example illustrates a method of changing expression of a sequence of interest in a
genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule at the site of at least one double-strand break (DSB) in a genome. More
specifically, this non-limiting example illustrates using a ribonucleoprotein (RNP) including a guide
RNA (gRNA) and a nuclease to effect a DSB in the genome of a plant, and integration of sequence
encoded by a double-stranded DNA (dsDNA) at the site of the DSB, wherein the dsDNA molecule
includes a sequence recognizable by a specific binding agent, and wherein contacting the integrated
sequence encoded by dsDNA molecule with the specific binding agent results in a change of
expression of a sequence of interest. In this particular example, the sequence recognizable by a
specific binding agent includes a recombinase recognition site sequence, the specific binding agent is
a site-specific recombinase, and the change of expression is upregulation or downregulation or
expression of a transcript having an altered sequence (for example, expression of a transcript that has
had a region of DNA excised, inverted, or translocated by the recombinase).

[0217] The loxP (“locus of cross-over”) recombinase recognition site and its corresponding
recombinase Cre, were originally identified in the P1 bacteriophage. The wild-type loxP 34 base-pair
sequence is ATAACTTCGTATAGCATACATTATACGAAGTTAT (SEQ ID NO:316) and includes

two 13 base-pair palindromic sequences flanking an 8 base-pair spacer sequence; the spacer sequence,
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shown in underlined font, is asymmetric and provides directionality to the loxP site. Other useful loxP

variants or recombinase recognition site sequence that function with Cre recombinase are provided in

Table 8.

TABLE 8
SEQ ID Cre recombinase Sequence

NO: recognition site q

316 LoxP (wild-type 1) | ATAACTTCGTATAGCATACATTATACGAAGTTAT
317 LoxP (wild-type 2) | ATAACTTCGTATAATGTATGCTATACGAAGTTAT
318 Canonical LoxP ATAACTTCGTATANNNTANNNTATACGAAGTTAT
319 Lox 511 ATAACTTCGTATAATGTATACTATACGAAGTTAT
320 Lox 5171 ATAACTTCGTATAATGTGTACTATACGAAGTTAT
321 Lox 2272 ATAACTTCGTATAAAGTATCCTATACGAAGTTAT
322 M2 ATAACTTCGTATAAGAAACCATATACGAAGTTAT
323 M3 ATAACTTCGTATATAATACCATATACGAAGTTAT
324 M7 ATAACTTCGTATAAGATAGAATATACGAAGTTAT
325 Ml1 ATAACTTCGTATAAGATAGAATATACGAAGTTAT
326 Lox 71 TACCGTTCGTATANNNTANNNTATACGAAGTTAT
327 Lox 66 ATAACTTCGTATANNNTANNNTATACGAACGGTA

[0218] Cre recombinase catalyzes the recombination between two compatible (non-

heterospecific) loxP sites, which can be located either on the same or on separate DNA molecules.
Thus, in embodiments of the invention, polynucleotide (such as double-stranded DNA, single-
stranded DNA, single-stranded DNA/RNA hybrid, or double-stranded DNA/RNA hybrid) molecules
including compatible recombinase recognition sites sequence are integrated at the site of two or more
double-strand breaks (DSBs) in a genome, which can be on the same or on separate DNA molecules
(such as chromosomes). Depending on the number of recombinase recognition sites, where these are
integrated, and in what orientation, various results are achieved, such as expression of a transcript that
has had a region of DNA excised, inverted, or translocated by the recombinase. For example, in the
case where one pair of loxP sites (or any pair of compatible recombinase recognition sites) are
integrated at the site of DSBs in the genome, if the loxP sites are on the same DNA molecule and
integrated in the same orientation, the genomic sequence flanked by the loxP sites is excised, resulting
in a deletion of that portion of the genome. If the loxP sites are on the same DNA molecule and
integrated in opposite orientation, the genomic sequence flanked by the loxP sites is inverted. If the
loxP sites are on separate DNA molecules, translocation of genomic sequence adjacent to the loxP site
occurs. Examples of heterologous arrangements or integration patterns of recombinase recognition
sites and methods for their use, particularly in plant breeding, are disclosed in U. S. Patent 8,816,153
(see, for example, the Figures and working examples), the entire specification of which is

incorporated herein by reference.
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[0219] One of skill in the art would recognize that the details provided here are applicable to
other recombinases and their corresponding recombinase recognition site sequences, such as, but not
limited to, FLP recombinase and fit recombinase recognition site sequences, R recombinase and Rs
recombinase recognition site sequences, Dre recombinase and rox recombinase recognition site

sequences, and Gin recombinase and gix recombinase recognition site sequences.

Example 12

[0220] This example illustrates a method of changing expression of a sequence of interest in a
genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule at the site of at least one double-strand break (DSB) in a genome. This
example illustrates introducing at least two DSBs into a genome by one or more nucleases in such a
way that genomic sequence is deleted between the DSBs (leaving a deletion with blunt ends,
overhangs or a combination of a blunt end and an overhang), and sequence encoded by at least one
polynucleotide molecule is integrated between the DSBs (i. e., sequence encoded by at least one
individual polynucleotide molecule is integrated at the location of the deleted genomic sequence). In
an embodiment, the polynucleotide molecule includes one or more strands containing chemically
modified DNA. Embodiments include double-stranded DNA or double-stranded DNA/RNA hybrid
molecules, and single-stranded DNA or single-stranded DNA/RNA hybrid molecules, the sequence of
which in analogous procedures is integrated at the location of genomic sequence that has been deleted
between two DSBs. More specifically, this non-limiting example illustrates using multiple different
ribonucleoproteins (RNPs), wherein each RNP includes a guide RNA (gRNA) and a nuclease, to
effect multiple DSBs in the genome of a monocot plant, and integration of sequence encoded by a
double-stranded DNA (dsDNA) at the location of the genomic sequence that is deleted between two
DSBs. In this particular example, the sequence encoded by the dsDNA molecule includes a sequence
recognizable by a specific binding agent and is integrated between two DSBs that are introduced into
non-coding genomic sequence (7. e., in a promoter region); the sequence recognizable by a specific
binding agent includes an auxin response element (AuxRE) sequence, the specific binding agent is an
auxin (e. g., an exogenously applied auxin), and contacting the integrated dsDNA molecule with the
specific binding agent results in a change of expression of the sequence of interest (upregulation of
the gene to which the promoter is operably linked). This example also illustrates a method to modify
expression of a sequence of interest (e. g., increased or decreased levels of the sequence’s transcript or
of a polypeptide encoded by the sequence, a change in stability of the sequence’s transcript, or a
change in the expression pattern of the sequence) by modifying a region of the genome that is
operably linked to the sequence of interest, i. e., modification of that operably linked genomic region

results in a change the expression level or expression pattern of the sequence of interest.
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[0221] Experimental details were similar to those described in Examples 4, 8, and 9. The target
gene selected for editing was non-coding sequence, in this case the partial promoter sequence
(sequence upstream of the transcription start site) of the maize (Zea mays) Lc gene (see
www]|dot|maizegdb|dot]org/gene center/gene/GRMZMS5G822829) with the sequence of
GGGTTGTTGTGGGTTGAACCCGTCCCAACCATCATCAACTCGCTAGCCAAACACACGCTT
AGGGGCCAAAGCAGTGCTATAATATGAGTGGTGGCGCTATTATATATAGCGTCAGAGAA
CTTAGATCTGATATTCTGATGAAGAAAAAATGACTTTACTGACTACGAAAGAAGAAGAA
AGGAGCTATAGAGAGAGAGAAAAAGAGGGGTCGTGTAGTGCTTAAACTGTACATGAAC
AGCAGTAGTGTTACAGAAGCTAAACTCAACCAGAGCTCCACCAAAGACAAAGAGGGTCT
ACTTCCATCACCGTCTTGCTCGGTCACTTGGAGCTCTGTCCATAAATTAAACCCATCTTGG
ATCCCAAGGTTCGTGGCATATCTGTAGGCATCTACCCCGTCTTCGTCGTCCGCTCCTCACT
AGCTACCAAGAGGTCGCCATTATTGCCAACATAGAGTGTACGTGGATGTCTATATATATG
CCTACTTGCACCCATATGGC (SEQ ID NO:305); and guide RNA (crRNA) sequences were
designed to edit this non-coding sequence.

[0222] Maize protoplasts were prepared as described in Examples 1, 4, 8, and 9.
Ribonucleoproteins (RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND) and guide RNA
complexes. Two guide RNA complexes were made with a crRNA and a tractrRNA (crRNAs and
tracrRNA were purchased from Integrated DNA Technologies, Coralville, [A); the first guide RNA
complex used a crRNA (ZmLc Pro-1) having the sequence
GCUCCUCACUAGCUACCAAGGUUUUAGAGCUAUGCU (SEQ ID NO:306) and the second
guide RNA complex used a crRNA (ZmLc Pro-3) having the sequence
CUCCAAGUGACCGAGCAAGAGUUUUAGAGCUAUGCU (SEQ ID NO:334).

[0223] Three different lengths of chemically modified double-stranded DNA (dsDNA)
molecules were used in this experiment, with each dsDNA added at a concentration of 1 nanomolar
together with the RNP. The transfection procedures for editing the target gene Lc in the maize
protoplasts were otherwise identical to those described in Example 8 and 9. All dsDNA molecules
were purchased from Integrated DNA Technologics, Coralville, IA. One dsDNA (*3xDR5”)
molecule of 34 base pairs was produced by annealing a first strand having the sequence 5°-
ccgacaaaaggccgacaaaaggecgacaaaaggt-3” (SEQ ID NO:306) and a second strand having the sequence
5’-accttttgtcggccttttgtcggccttttgtcgg-3” (SEQ ID NO:307, which includes three concatenated copies
of an auxin response element having the sequence ccttttgtcgg (SEQ ID NO:308)). A second dsDNA
(“6xDR5”) molecule of 68 base pairs was produced by annealing a first strand having the sequence
5.
GCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCC
GACAAAAGGT-3" (SEQ ID NO:309) and a second strand having the sequence 5°-
ACCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTT
GTCGGC -3° (SEQ ID NO:310, which includes six concatenated copies of the auxin response
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element having the sequence SEQ ID NO:308). A third dsDNA (“9xDR5”) molecule of 100 base
pairs was produced by annealing a first strand having the sequence 5°-
CCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGCCG
ACAAAAGGCCGACAAAAGGCCGACAAAAGGCCGACAAAAGGT-3’ (SEQ ID NO:311) and
a second strand having the sequence 5°-
ACCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTT
GTCGGCCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGG-3" (SEQ ID NO:312 which includes
nine concatenated copies of the auxin response element having the sequence SEQ ID NO:308). In all
cases, cach strand was phosphorylated on the 5” end and contained two phosphorothioate linkages at
cach terminus (i. e., the two linkages between the most distal three bases on either end of the strand).
[0224] For quantitation of editing efficiency, next-generation sequencing (NGS) analysis was
used. A second set of primers were used for CRISPR sequencing; these had the sequences
CTCCACCAAAGACAAAGAGGG (forward primer, SEQ ID NO:313) and
GCCATATGGGTGCAAGTAGGC (reverse primer, SEQ ID NO:314) for an expected amplicon size
of 226 base-pairs (SEQ ID NO:315).

[0225] All of the dsDNA molecules were designed to contain at least one sequence recognizable
by a specific binding agent, in this case multiple copies of an auxin response element (SEQ ID
NO:308). In this example, the dsDNA molecules were integrated at the site where non-coding
genomic sequence was deleted (7. e., integrated between the DSBs introduced at two discrete locations
in the genome, in this case in the Lc promoter). This effected replacement of part of the L¢ promoter
sequence with multiple copies of the auxin response element. As the culture medium contained an
herbicide (2, 4-dichlorophenoxyacetic acid) with auxin-like properties, expression of the gene of
interest (the endogenous maize Lc gene) operably linked to the Lc promoter sequence was expected to
increase in cells that had any of the dsDNA molecules integrated into their genome, relative to that in
cells that did not have a dsDNA molecule integrated into their genome.

[0226] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the Le gene. Results are provided in Table 9 with relative Lc gene
expression levels normalized to tubulin. These data demonstrate that, in each case, integration of
sequence encoded by the dsDNA molecules containing the auxin response factor sequences into the
Lc¢ promoter region resulted in very strong upregulation of L¢ expression in the presence of an
exogenously provided auxin. The strongest upregulation of Lc¢ expression was observed in the
treatment using both the ZmLc Pro-1 and ZmLc Pro-3 RNPs (e. g., >40-fold increase observed with
the 3xDR5 dsDNA and >35-fold increase observed with the 6xDR3, relative to controls transfected
without any RNP), which may indicate that introduction of two DSBs into the genome and integration
of sequence encoded by the dsDNA molecule between the two DSBs provided greater efficacy than
introducing either of the two DSBs individually into the genome and integrating sequence encoded by

the dsDNA molecule at the site of the individual DSB.
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TABLE 9
No oligo 3x 6x 9x
crRNA Average STD Average STD Average STD Average STD
ZmLc Pro-1 1.0 0.04 25.5 0.86 17.8 0.30 1.1 0.04
ZmLc Pro-3 1.0 0.05 32.7 0.91 27.7 2.43 1.5 0.48
ZmlLc Pro-1 +

ZmLc Pro-3 1.0 0.04 41.4 0.73 36.7 1.65 43 0.27
[0227] One of skill in the art would recognize that there are alternative methods for introducing

DSBs into the genome (e. g., use of CRISPR nucleases other than Cas9, such as CasX, CasY, and
Cpfl, zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TAL-effector
nucleases or TALENSs), Argonaute proteins, or a meganuclease or engineered meganuclease) and thus
similar embodiments of the approach described herein include use of any of these methods for
introducing two or more DSBs into a genome in such a way that genomic sequence is deleted between
the DSBs, and integration of at least one polynucleotide (such as a double-stranded DNA, a single-
stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)

molecule at the location of the genomic sequence that is deleted between the DSBs.

Example 13

[0228] This example illustrates a method of modifying a sequence of interest in a genome,
comprising integrating sequence encoded by a polynucleotide (such as a double-stranded DNA, a
single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
donor molecule at the site of at least one double-strand break (DSB) in a genome. This example
illustrates introducing at least two DSBs into a genome by one or more nucleases in such a way that
genomic sequence is deleted between the DSBs (leaving a deletion with blunt ends, overhangs or a
combination of a blunt end and an overhang), and sequence encoded by at least one polynucleotide
molecule is integrated between the DSBs (i. e., sequence encoded by at least one individual
polynucleotide molecule is integrated at the location of the deleted genomic sequence), thus replacing
the deleted genomic sequence. More specifically, this non-limiting example illustrates using multiple
different ribonucleoproteins (RNPs), wherein each RNP includes a guide RNA (gRNA) and a
nuclease, to effect multiple DSBs in the genome of a monocot plant, and integration of sequence
encoded by a double-stranded DNA (dsDNA) at the location of the genomic sequence that is deleted
between two DSBs. In embodiments, this technique is useful, e. g., for replacing regions of genomic
sequence such as one or more exons (“exon exchange™) or one or more protein domains. In an
example, DSBs are introduced into intronic sequence on ¢ach side of an exon, resulting in deletion of
the exon, and—when sequence encoded by at least one dsDNA molecule is integrated at the location
of the deleted exon—incorporation of a “replacement” exon. This technique avoids editing
inaccuracies such as unintentional nucleotide changes, deletions, or additions at the nuclease cleavage

sites in the resulting exon sequence or the messenger RNA encoded by the exon. In the particular
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example described below, this technique is used to replace a “wild-type” exon (an exon having
unmodified, native sequence) of the maize EPSPS genomic sequence with a modified exon sequence
that encodes an EPSPS protein having resistance to glyphosate.

[0229] Experimental details were similar to those described in Examples 4, 8, and 9. The target
gene selected for editing was the maize (Zea mays, B73 line) enolpyruvylshikimate phosphate
synthasel (EPSPS) gene (see www[dot|maizegdb[dot]org/gene center/gene/Zm00001d045450) with
the partial genomic sequence of
acaacaaaaaaaggtaacctcgelactaacataacaaaatacttgttgcettattaattatatgttttttaatctttgatc AGGGGACAACAGT
GGTTGATAACCTGTTGAACAGTGAGGATGTCCACTACATGCTCGGGGCCTTGAGGACTCT
TGGTCTCTCTGTCGAAGCGGACAAAGCTGCCAAAAGAGCTGTAGTTGTTGGCTGTGGTGG
AAAGTTCCCAGTTGAGGATTCTAAAGAGGAAGTGCAGCTCTTCTTGGGGAATGCTGGAA
CTGCAATGCGGCCATTGACAGCAGCTGTTACTGCTGCTGGTGGAAATGCAA Cgtatgtttectetct
ttetetetacaatacttgetggagtiagrargaaacccargggtatgtetagt (SEQ ID NQ:335); a first intronic sequence
(nucleotides 1 — 80 of SEQ ID NO:335) and a second intronic sequence (nucleotides 325 — 392 of
SEQ ID NO:335) are given in lower-case font, exonic sequence (nucleotides 81 — 324 of SEQ ID
NO:335) is given in upper-case font, a first crRNA (guide RNA) target site sequence (nucleotides 21
—40 of SEQ ID NO:335) and a second crRNA (guide RNA) target site sequence (nucleotides 360 —
379 of SEQ ID NO:335) are italicized and the PAM sites (nucleotides 18 — 20 and nucleotides 380 —
382 of SEQ ID NO:335) are underlined.

[0230] Maize protoplasts were prepared as described in Examples 1, 4, 8,9, and 12.
Ribonucleoproteins (RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND) and guide RNA
complexes. Two guide RNA complexes were made with a crRNA and a tractRNA (crRNAs and
tracrRNA were purchased from Integrated DNA Technologies, Coralville, [A); the first guide RNA
complex used a crRNA (EPS-gRNA-1) having the sequence
AUUUUGUUAUGUUAGUAGCGGUUUUAGAGCUAUGCU (SEQ ID NO:336) and the second
guide RNA complex used a crRNA (EPS-gRNA-2) having the sequence
GGAGUUAGUAUGAAACCCAUGUUUUAGAGCUAUGCU (SEQ ID NO:337).

[0231] A dsDNA molecule was prepared by PCR using primers and a template purchased from
Integrated DNA Technologies, Coralville, IA. The primers were had the sequences 5°-P-
T*A*CTAACATAACAAAATACTTGT (forward primer, SEQ ID NO:338) and 5°-P-
G*G*TTTCATACTAACTCCAGCAAG (reverse primer, SEQ ID NO:339), where P represents a 5°
phosphorylation and * indicates a phosphorothioate linkage. The template sequence is given by 5°-
TACTAACATAACAAAATACTTGTTGCTTATTAATTATATGTTTTTTAATCTTTGATCAGGG
GACAACAGTGGTTGATAACCTGTTGAACAGTGAGGATGTCCACTACATGCTCGGGGCCTT
GAGGACTCTTGGTCTCTCTGTCGAAGCGGACAAAGCTGCCAAAAGAGCTGTAGTTGTTGG
CTGTGGTGGAAAGTTCCCAGTTGAGGATTCTAAAGAGGAAGTGCAGCTCTTCTTGGGGA
ATGCTGGAATTGCAATGCGGGCATTGACAGCAGCTGTTACTGCTGCTGGTGGAAATGCA
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ACGTATGTTTCCTCTCTTTCTCTCTACAATACTTGCTGGAGTTAGTATGAAACC-3" (SEQ
ID NO:340), with nucleotide changes (relative to the wild-type sequence) at positions 250 and 261
(indicated by underlined font) of SEQ ID NO:340 to provide the amino acid mutations T102I and
P106A in the mature protein, which are point mutations found in glyphosate-resistant EPSPS.

[0232] NGS sequencing data indicated that the replacement exon sequence encoded by the
dsDNA molecule was correctly integrated at the location of the deleted exon. The EPSPS genomic
sequence of 0.48% of the total reads included the nucleotide changes (relative to the wild-type
sequence) at positions 250 — 261 of SEQ ID NO:340, to provide the amino acid mutations T102I and
P106A in the mature protein; this was accompanied by deletion of part of the intronic sequence 3” to
the modified exon.

[0233] In a related embodiment, the sequence encoding a small RNA recognition site for a small
RNA (e. g., an siRNA or a miRNA) expressed only in a specific tissue (for example, miRNAs
specifically expressed in male reproductive tissue or female reproductive tissue, e. g., the miRNAs
disclosed in Table 6 of U. S. Patent 8,334,430, incorporated herein by reference and including the
sequences provided herein in Tables A and B, or the siRNAs disclosed in U. S. Patent 9,139,838,
incorporated herein by reference and including the sequences provided herein in Table C), encoded
by a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule, is further integrated
elsewhere in the EPSPS genomic sequence, e. g., in the 3” untranslated region. This limits expression
of the glyphosate-resistant EPSPS protein to tissues other than those in which the small RNA is
endogenously expressed, and leaves the male reproductive tissue or female reproductive tissue
susceptible to glyphosate; this approach is useful for providing male-sterile or female-sterile plants.
Table A provides the RNA sequences of miRNA recognition sites recognized and cleaved by mature
miRNAs specifically expressed in maize female reproductive tissue (e. g., ovule, embryo). Table B
provides the RNA sequences of miRNA or siRNA recognition sites recognized and cleaved by mature
miRNAs specifically expressed in maize male reproductive tissue (e. g., pollen, tassel). Table C
provides DNA sequences encoding “male tissue-specific siRNA elements” (see U. S. Patent
9,139,838, incorporated herein by reference) which can similarly be integrated into a maize genome
so that a transcript including one or more of these male tissue-specific siRNA elements is suppressed
in maize male reproductive tissue. Integration into the maize genome of one or more DNA sequences
encoding these small RNA (miRNA or siRNA) recognition sites is broadly useful for placing a
transcript that includes one or more of these small RNA recognition sites under regulation by the
mature small RNA(s) corresponding to the recognition site, and resulting in tissue-specific
suppression of the transcript in male or female reproductive tissue. In a broader context, integration
of DNA encoding one or more small RNA (e. g., miRNA or siRNA) recognition site into genomic

sequence encoding a transcript of interest is useful for placing that transcript under regulation of the
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corresponding small RNA; depending on the expression pattern of the corresponding small RNA, this

allows, e. g., specific spatial or temporal or developmental expression of the transcript.

Table A

SEQ ID
NO:

RNA sequence of recognition site corresponding to mature miRNA expressed in

maize female reproductive tissue

467

GUGCUCUCUCUCUUCUGUCA

468

CUGCUCUCUCUCUUCUGUCA

469

UUGCUUACUCUCUUCUGUCA

470

CCGCUCUCUCUCUUCUGUCA

471

UGGAGCUCCCUUCAUUCCAAU

472

UCGAGUUCCCUUCAUUCCAAU

473

AUGAGCUCUCUUCAAACCAAA

474

UGGAGCUCCCUUCAUUCCAAG

475

UAGAGCUUCCUUCAAACCAAA

476

UGGAGCUCCAUUCGAUCCAAA

477

AGCAGCUCCCUUCAAACCAAA

478

CAGAGCUCCCUUCACUCCAAU

479

UGGAGCUCCCUUCACUCCAAU

480

UGGAGCUCCCUUCACUCCAAG

481

UGGAGCUCCCUUUAAUCCAAU

482

UUGGGAUGAAGCCUGGUCCGG

483

CUGGGAUGAAGCCUGGUCCGG

484

CUGGAAUGAAGCCUGGUCCGG

485

CGGGAUGAAGCCUGGUCCGG

486

GAGAUCAGGCUGGCAGCUUGU

487

UAGAUCAGGCUGGCAGCUUGU

488

AAGAUCAGGCUGGCAGCUUGU

Table B

SEQ ID
NO:

RNA sequence of recognition site corresponding to mature miRNA expressed in

maize male reproductive tissue

489

GUGCUCUCUCUCUUCUGUCA

490

CUGCUCUCUCUCUUCUGUCA

491

UUGCUUACUCUCUUCUGUCA

492

CCGCUCUCUCUCUUCUGUCA

493

UGGCAUGCAGGGAGCCAGGCA

494

AGGAAUACAGGGAGCCAGGCA

495

GGGUUUACAGGGAGCCAGGCA

496

AGGCAUACAGGGAGCCAGGCA

497

AAACAAUGCGAUCCCUUUGGA

498

AGACCAUGCGAUCCCUUUGGA

499

GGUCAGAGCGAUCCCUUUGGC

500

AGACAAUGCGAUCCCUUUGGA

501

UCGUUCAAGAAAGCCUGUGGAA

502

CGUUCAAGAAAGCCUGUGGAA

503

UCGUUCAAGAAAGCAUGUGGAA

504

ACGUUCAAGAAAGCUUGUGGAA

505

CGUUCAAGAAAGCCUGUGGAA

Table C
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SEQ ID DNA sequence including recognition sites corresponding to tassel-specific
NO: siRNAs expressed in maize male reproductive tissue

506 GGACAACAAGCACCTTCTTGCCTTGCAAGGCCTCCCTTCCCTATGGTAGC
CACTTGAGTGGATGACTTCACCTTAAAGCTATTGATTCCCTAAGTGCCAG
ACATAATAGGCTATACATTCTCTCTGGTGGCAACAATGAGCCATTTTGGT
TGGTGTGGTAGTCTATTATTGAGTTTTTTTTGGCACCGTACTCCCATGGAG
AGTAGAAGACAAACTCTTCACCGTTGTAGTCGTTGATGGTATTGGTGGTG
ACGACATCCTTGGTGTGCATGCACTGGTGAGTCACTGTTGTACTCGGCG

507 GGACAACAAGCACCTTCTTGCCTTGCAAGGCCTCCCTTCCCTATGGTAGC
CACTTGAGTGGATGACTTCACCTTAAAGCTATCGATTCCCTAAGTGCCAG
ACAT

508 CTCTTCACCGTTGTAGTCGTTGATGGTATTGGTGGTGACGACATCCTTGGT
GTGCATGCACTGGTGAGTCACTGTTGTAC

509 GGACAACAAGCACCTTCTTGCCTTGCAAGGCCTCCCTTCCCTATGGTAGC
CACTTGAGTGGATGACTTCACCTTAAAGCTATCGATTCCCTAAGTGCCAG
ACATCTCTTCACCGTTGTAGTCGTTGATGGTATTIGGTGGTGACGACATCC
TTGGTGTGCATGCACTGGTGAGTCACTGTTGTAC

Example 14

[0234] This example illustrates a method of changing expression of a sequence of interest in a
genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule at the site of at least one double-strand break (DSB) in a genome. More
specifically, this non-limiting example illustrates using a ribonucleoprotein (RNP) including a guide
RNA (gRNA) and a nuclease to effect a DSB in the genome of a monocot plant, and integration of
sequence encoded by a polynucleotide molecule at the site of the DSB, wherein sequence encoded by
the polynucleotide molecule includes a sequence recognizable by a specific binding agent, and
wherein contacting the integrated sequence encoded by polynucleotide molecule with the specific
binding agent results in a change of expression of a sequence of interest. In this particular example,
sequence encoded by the polynucleotide molecule is integrated at a DSB located in non-coding
genomic sequence (7. e., in a promoter region), the sequence recognizable by a specific binding agent
includes an endogenous maize enhancer element that was identified by homology to a bacterial
enhancer element and that in maize cells demonstrated at least partial responsiveness to auxin, the
specific binding agent is an auxin, and the change of expression is upregulation of the sequence of
interest. Further embodiments include integration of sequence of one or more endogenous enhancer
elements (see, for example, endogenous maize transcriptional enhancers described in Oka e al.,
(2017) Genome Biol., 18:137 — 161, doi 10.1186/s13059-017-1273-4) into genomic sequence,
resulting in a heterologous arrangement of the integrated enhancer element and genomic sequence.
[0235] The ocs enhancer element is a 16 nucleotide sequence, ACGTAAGCGCTTACGT (SEQ
ID NO:341) that was originally identified from the 5 untranslated region of the octopine synthase
gene of the soil bacterium Agrobacterium sp., and is a palindromic sequence, i. e., has a reverse

complement that is the exact same nucleotide sequence. A 16 base-pair dsDNA molecule having one
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strand with the sequence of SEQ ID NO:341 and the other strand being the reverse complement was
designed. Endogenous maize sequences having homology to the bacterial enhancer sequence were
identified from Zea mays B73 genomic data, including the 15 nucleotide sequence,
ACGTAAGCGCTTACG (SEQ ID NO:342, located on chromosome 6) and the 12 nucleotide
sequence, GTAAGCGCTTAC (SEQ ID NO:343, located on chromosome 10 and is palindromic).
These sequences were used to design a first chemically modified dsDNA molecule of 15 base-pairs
(with one strand having the sequence of SEQ ID NO:342 and the other strand being the reverse
complement) and a second dsDNA molecule of 12 base-pairs (with one strand having the sequence of
SEQ ID NO:343 and the other strand being the reverse complement), respectively. For comparison,
the 34 base-pair dsDNA (*3xDR5”) molecule (with strands having the sequences of SEQ ID NO:306
and SEQ ID NO:307), which contains three copies of an auxin response element (SEQ ID NO:308),
was used. All dsDNA molecules were purchased from Integrated DNA Technologies, Coralville, TA.
In all cases, each strand was phosphorylated on the 5” end and contained two phosphorothioate
linkages at each terminus (i. e., the two linkages between the most distal three bases on either end of
the strand).

[0236] Experimental details were similar to those described, e. g., in Examples 4, 8, and 9. The
target gene selected for editing was non-coding sequence, in this case the partial promoter sequence
(sequence upstream of the transcription start site) of the maize (Zea mays) Lc gene (see
www]|dot]maizegdb|dot]org/gene center/gene/GRMZMS5G822829) having the sequence of SEQ ID
NO:305; and guide RNA (crRNA) sequences were designed to edit this non-coding sequence.

[0237] Maize protoplasts were prepared as described, e. g., in Examples 1, 4, 8, and 9. A
ribonucleoprotein (RNP) was prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA
complex of a crRNA (ZmLc Pro-1) having the sequence of SEQ ID NO:306 and a tracrRNA (both
purchased from Integrated DNA Technologies, Coralville, IA). Each dsDNA molecule was added at
a concentration of 1 nanomolar together with the RNP. The transfection procedures for editing the
target gene Lc in the maize protoplasts were otherwise identical to those described in Example 8 and
9.

[0238] An experiment was designed similar to that described in Example 9; sequences encoded
by dsDNA molecules were integrated at the site of a DSB in promoter sequence operably linked to the
gene of interest (the endogenous maize Lc gene). If the dsDNA molecule contained an auxin-
responsive sequence, in the presence of an exogenously provided auxin (2, 4-dichlorophenoxyacetic
acid) in the culture medium, expression of the gene of interest (the Lc gene) was expected to increase
in cells that had the dsDNA molecule integrated into their genome, relative to that in cells that did not
have the dsDNA molecule integrated into their genome. Quantitative RT-PCR was employed on
three technical replicates per treatment to measure the relative expression of the Lc gene. Controls
were cells that had been subjected to the transfection procedure without an RNP. Results are provided

in Table 10 with Lc gene expression levels normalized to tubulin. As previously demonstrated in
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Example 9, integration of the 3x DRS5 dsDNA sequence into the Lc promoter region resulted in very
strong upregulation of Lc expression in the presence of auxin. The 16-nucleotide Agrobacterium ocs
enhancer sequence (SEQ ID NQ:341) increased expression of the Lc gene relative to the control by
about 6-fold in the absence of auxin, and by about 11-fold in the presence of auxin. In spite of its
considerably truncated length, the 12-nucleotide endogenous maize sequence SEQ ID NO:343
similarly increased expression of the Lc gene relative to the control by about 4-fold in the absence of
auxin, and by about 6-fold in the presence of auxin. In contrast, in the absence of auxin, the 15-
nucleotide endogenous maize sequence SEQ ID NO:342 did not increase expression of the Lc gene
relative to the control whether or not auxin was present. These data demonstrate sequence encoded by
that a dsDNA molecule only 12 base-pairs in length and including a strand with the sequence of an
endogenous maize nucleotide sequence (SEQ ID NO:343), could be integrated at a DSB introduced
into the 5 untranslated (promoter) region of a gene of interest (target gene) and was capable of

enhancing expression of the gene of interest by several fold in a partially auxin-dependent manner.

TABLE 10
WITHOUT AUXIN WITH AUXIN
dsDNA Lc relative standard Lc relative standard
Treatment (SEQ ID NO:) expression deviation expression deviation
No RNP -- 1.0 0.05 1.0 0.7
No dsDNA - 0.6 0.12 0.7 0.01
3x DR5 306, 307 0.7 0.25 20.2 6.2
16 nt OCS 341 6.0 0.62 10.6 1.25
15 nt OCS 342 0.5 0.14 1.8 0.11
12 nt OCS 343 4.4 0.30 6.2 0.33
Example 15
[0239] This example illustrates a method of modulating expression of a sequence of interest in a

genome, comprising introducing at least one double-strand break (DSB) into the 5™ untranslated or
promoter region and integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule at the site of the DSB. More specifically, this non-limiting example illustrates
a method to upregulate the expression level of a sequence of interest by integrating an expression-
enhancing clement at the site of a DSB in the 5° untranslated or promoter region of a sequence of
interest, whereby the expression level of the sequence of interest is increased, relative to a reference
expression level (e. g., the expression level of the sequence of interest without the expression-
enhancing element integrated into the 5™ untranslated or promoter region of the sequence of interest).
By “expression-enhancing element” is meant at least one contiguous sequence of nucleotides that is
capable of activating or increasing transcription of a gene or sequence of interest (which can be
coding, non-coding, or a combination of coding and non-coding sequence). Embodiments of

expression-enhancing elements include those that are located cis to the sequence of interest, and that
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can be located upstream (5 to) or downstream (3 of) the sequence of interest; if located upstream of
the sequence of interest, an expression-enhancing element can be located within a promoter region, or
outside of (even several hundred or thousand nucleotides upstream from) the promoter region. In
some embodiments, the expression-enhancing element is one that provides a constitutive increase in
expression levels of the sequence of interest. In other embodiments, the expression-enhancing
clement is one that provides a non-constitutive (e. g., tissue-specific, temporally specific,
developmentally specific, inducible by or responsive to a physical influence such as light intensity or
quality, day length, temperature levels, small molecules or ligands or hormones, transcription factors,
water availability, or nutrient availability) change in expression levels of the sequence of interest. The
expression level of the sequence of interest is estimated by any suitable technique, such as by
measuring transcript abundance (e. g., by quantitative PCR) or (for sequences of interest that encode a
protein) by measuring protein abundance (e. g., by Western blots). The method further provides the
ability to adjust the expression of an endogenous gene or sequence of interest to a desired level under
given conditions, by selecting a particular expression-enhancing element and the location of its
integration upstream of (5 to) the TSS of the endogenous gene or sequence of interest. In
embodiments, the degree of increase in expression level is selected by the proximity of the DSB (and
of the integrated expression-enhancing element) to the transcription start site (TSS) of the sequence of
interest. The more proximal the integrated expression-enhancing element is to the TSS, the greater is
the increase in expression level; an expression-enhancing element integrated at locations more distal
to the TSS provides a correspondingly lowered increase in expression level.

[0240] The following non-limiting example illustrates using a ribonucleoprotein (RNP) including
a guide RNA (gRNA) and a nuclease to introduce a DSB in the promoter region of a protein-coding
gene, integration of at least one expression-enhancing element (using a chemically modified double-
stranded DNA encoding multiple copies of the auxin response element DRS) at the site of the DSB,
wherein the at least one expression-enhancing element provides a non-constitutive increase in
expression of the gene—in this case an increase in expression that is responsive to the presence of a
hormone (auxin).

[0241] Experimental details were similar to those described in Examples 4, 8, 9, and 12. The
target gene selected for editing was non-coding sequence, in this case the partial promoter sequence
(sequence directly upstream of the transcription start site) of the maize (Zea mays) Le¢ gene (see
www]|dot|maizegdb|dot]org/gene center/gene/GRMZMS5G822829) with the sequence of SEQ ID
NO:305; and guide RNA (crRNA) sequences were designed to edit this non-coding sequence.

[0242] Maize A188 protoplasts were prepared as described in Examples 1, 4, 8, 9, and 12.
Ribonucleoproteins (RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND) and guide RNA
complexes. Three guide RNA complexes were made with a crRNA and a tracrRNA (crRNAs and
tracrRNA were purchased from Integrated DNA Technologies, Coralville, [A); the first guide RNA
complex used a crRNA (ZmLc Pro-1) having the sequence
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GCUCCUCACUAGCUACCAAGGUUUUAGAGCUAUGCU (SEQ ID NO:306); the second guide
RNA complex used a crRNA (ZmLc Pro-2) having the sequence
AUAGAGAGAGAGAAAAAGAGGUUUUAGAGCUAUGCU (SEQ ID NO:344) and the third
guide RNA complex used a crRNA (ZmLc Pro-3) having the sequence
CUCCAAGUGACCGAGCAAGAGUUUUAGAGCUAUGCU (SEQ ID NO:334). These guides
were designed to respectively effect a DSB at 173 (ZmLc Pro-1), 272 (ZmLc Pro-3), or 415 (ZmlLc
Pro-2) nucleotides upstream of (5° to) the TSS of the Lc coding sequence.

[0243] The transfection procedures for editing the target gene Lc in the maize protoplasts were
similar to those described in Example 8, 9, and 12. Three different expression-enhancing elements
(each including a different copy number of the auxin response element DRS having the sequence
ccttttgtcgg (SEQ ID NO:308)) were integrated at the site of a DSB introduced into the L¢ promoter
region at one of three specific locations upstream of (5 to) the Lc TSS. The three dsDNA molecules
(*3xDR5”, (“6xDR5”, and (“9xDR5”) described in Example 9 and encoding different copy numbers
of DR5 were used, with each dsDNA added together with the RNP. All dsDNA molecules were
purchased from Integrated DNA Technologies, Coralville, IA. In all cases, each strand was
phosphorylated on the 5° end and contained two phosphorothioate linkages at each terminus (i. e., the
two linkages between the most distal three bases on either end of the strand). Experimental controls
including no dsDNA samples (7. e., no expression-enhancing element integrated) including the RNP
only (Cas9 and guide RNA complex but no dsDNA molecule), as well as controls consisting of
samples treated with Cas9 nuclease only (no guide RNA, no dsDNA) and null samples (no nuclease,
guide RNA, or dsDNA). As the culture medium contained an herbicide (2, 4-dichlorophenoxyacetic
acid) having auxin-like properties, expression of the endogenous maize Lc gene was expected to
increase in cells that had any of the expression-enhancing elements integrated into the endogenous Lc
promoter region, relative to that in cells that did not have an expression-enhancing element integrated
into the endogenous Lc¢ promoter region.

[0244] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the Le gene. Results (mean of triplicates, standard deviation) are
provided in Table 11 with relative Lc gene expression levels normalized to tubulin. The data indicate
that integration of the expression-enhancing elements (including multiple copies of the auxin response
element DRS) upstream of (5 to) the transcription start site of the L¢ gene resulted in an increased
expression of the Lc transcript in the presence of an exogenously provided auxin (included in the
medium); this increase was greatest for the 3xDRS element. The degree of increase in expression was
also observed to lessen as the integration location of the expression-enhancing element was moved
further from (more distal to) the TSS; for example, the 3xDR5 element provided an increase in
expression of 3863-fold, 2420-fold, or 1314-fold relative to the Cas9 nuclease control (no guide RNA
and no dsDNA) when located at 173, 272, or 415 nucleotide positions upstream of the TSS,

respectively. In combination, the data indicate that the degree of increase in expression can be
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optimized by selecting the type of expression-enhancing element as well as the location where the

expression-enhancing element(s) is (are) integrated, relative to the location of the sequence of interest.

TABLE 11
ZmLc-Prol ZmLc-Pro3 ZmLc-Pro2
(173 nt from TSS) (272 nt from TSS) | (415 nt from TSS)
Relative Relative Relative Relative
dsDNA | expression SD | expression | SD expression | SD [ expression [ SD
3xDR5 3863 174 2420 41 1314 77 -- --
6xDR5 1479 75 1496 90 273 12 -- --
9xDR5 1031 28 823 9.0 101 2.8 -- --
RNP
only 12.7 2.6 9.0 14 11.2 1.2 -- --
Cas9
nuclease
only -- -- -- -- -- -- 1.0 0.25
Null -- -- -- -- -- -- 0.8 0.4
[0245] Samples from the treatments with the guide complexes ZmLc-Prol and ZmLc-Pro3 were

subjected to next-generation sequencing analysis to quantify editing efficiency. The primers for
sequencing included the forward primer having SEQ ID NQO:313 and the reverse primer having SEQ
ID NO:314) for an expected amplicon size of 226 base-pairs (SEQ ID NQ:315). Results are

provided in Table 12.

TABLE 12
Editing Editing dsDNA
efficiency at 173 | efficiency at 272 | insertion
Guide RNA complex | dsDNA nt from TSS nt from TSS efficiency
ZmLc-Prol
(173 nt from TSS) 3xDR5 34% 0% 21%
6xDR5 25% 0% 3%
9xDR5 11% 0% 0%
none 41% 0% 0%
ZmLc-Pro3
(272 nt from TSS) 3xDR5 1% 17% 11%
6xDR5 1% 15% 0%
9xDR5 2% 10% 0%
RNP 0% 23% 0%
Cas9 nuclease only -- 9% 0% 5%
Null -- 7% 0% 3%

[0246] In a second experiment following the same general procedures described above, maize
A 1388 protoplasts were transfected with the guide RNA complex including the “ZmL¢ Pro-3” crRNA
(SEQ ID NO:334) complexed with a tracrRNA (Integrated DNA Technologies, Coralville, [A); this

guide complex was designed to effect a DSB at 272 nucleotides upstream of (5 to) the TSS of the Lc
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coding sequence. In one set of samples, an expression-enhancing element in the form of the 34 base-
pair dsDNA molecule “3xDR5” (with strands having the sequences of SEQ ID NO:306 and SEQ ID
NO:307), which contains three copies of an auxin response element (SEQ ID NO:308), as described
in Example 9, was integrated at this DSB. The “3xDR5” dsDNA was purchased from Integrated
DNA Technologies, Coralville, IA; each strand was phosphorylated on the 5” end and contained two
phosphorothioate linkages at each terminus (7. e., the two linkages between the most distal three bases
on ¢ither end of the strand). Maize protoplasts treated with no nuclease, no guide RNA complex, and
no dsDNA served as a null control. The transformed protoplasts were then incubated in a maize
incubation buffer including the herbicides 2, 4-dichlorophenoxyacetic acid (“2,4-D”) or 3,6-dichloro-
2-methoxybenzoic acid (“dicamba’), both of which have auxin-like properties, each at 1
milligram/liter, or including no herbicide as a control. Quantitative RT-PCR was employed on three
technical replicates per treatment to measure the relative expression of the Lc gene. Results (mean of
triplicates, standard deviation) are provided in Table 13 with relative Lc gene expression levels
normalized to tubulin. The data indicate that, without any modification of the Lc promoter, or with
only treatment with the RNP to effect a DSB but without integration of the 3xDRS expression-
enhancing element, no difference was seen in Lc transcript expression in the presence or absence of
cither herbicide. In contrast, integrating the 3xDRS expression-enhancing element into a DSB in the
promoter region of the endogenous Lc gene resulted in an over 200-fold increase in expression of the
Lc transcript in the presence of either herbicide, in comparison to expression in the absence of either

herbicide.

TABLE 13
Transfection | dsDNA Incubation Relative
medium expression SD
Null control none No added herbicide 1.0 0.22
Null control none 2.4-D 1.0 0.14
Null control none Dicamba 1.0 0.019
ZmLc-Pro3 3xDR5 No added herbicide 9.0 0.84
ZmLc-Pro3 3xDR5 2.4-D 290 31
ZmLc-Pro3 3xDR5 Dicamba 236 47
Zml.c-Pro3 none No added herbicide 1.6 0.22
ZmLc-Pro3 none 2.4-D 1.5 0.36
ZmLc-Pro3 none Dicamba 1.3 0.11

[0247] Details of editing the Lc gene at whole plant level in maize by biolistic delivery can be
found in Example 49.

[0248] A third experiment demonstrated the use of an expression-enhancing element to provide
inducible upregulation of expression for a sequence of interest. Following the same general
procedures described above, protoplasts were harvested from leaves of B73 maize plants that had

been grown in nitrate-free medium for 13 days. The sequence of interest was an endogenous maize
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ammonium transporter AMT3 gene (GRMZM2G118950, see www[dot]

maizegdb|dot]org/gbrowse Tname=GRMZM2G118950), having a promoter sequence of
CGATAAACGCCACTAAAAATGGTTTTACGACCGCCAGTATATATCTTCTCTGTACTAGTG
TGATACTATCAGGCCGCATGCAGATTCCTTTCGATTGTTTATAGGGTTTTTTTTTTTATAA
AGACTGCTGGTTTTCAAGCCTTGAATCTTGTAGCTAGGTAGCCAGACCGGTCCCGGCCGG
GTCGAGGAAGACGCAAAACTCAGCAAGCACAGTTGTGCTAGCCTGCTAGGCACGGTGTG
TAGCAAGAGACAGAAACGAGCGTATAACCATGGCGATTAACTGATAGCTGTGGAATTTT
GAGCACATAGTCCTCCAAACATTTGCATTTGTATTGTACTATTGTTTATGTAGCGAAGTTT
AAAATGCAGTTTGGTAGGCCTAACCCGCATGCGAGGGCACCGCACAGTGAGGCTGAGGA
ACGGAACCACTCCAGCTAAGATTCCGCACCGCAGCAACCCTGGGATCCTGCTGTCAGCG
CGGGCCGCGGGAGGGGAGATTCACTGGCAGCAGGGCCCCACACCCCTTCCCAGGCTTCC
CATCTCAGAAAACAGAAGCCGATCTGTTTTGTTCTGCCGAATCAAAAGTGCGATATGATC
GTCATCTCTTCGACAGCACCCGCCCAACCATCTCCTATAAATCCGATCGCCGCCACTGGC
CGTTCGTCCCCCATC (SEQ ID NO:345). The nitrate-starved maize protoplasts were transfected

with ribonucleoproteins (RNPs) prepared with Cas9 nuclease (Aldevron, Fargo, ND) and guide RNA
complexes. Guide RNA complexes were made with three different crRNAs and a tracrRNA (all
purchased from Integrated DNA Technologies, Coralville, [A); the first guide RNA complex used a
c¢rRNA (AMT3Pro-1) having the sequence
CCAGUGAAUCUCCCCUCCCGGUUUUAGAGCUAUGCU (SEQ ID NO:346); the second guide
RNA complex used a crRNA (AMT3Pro-2) having the sequence
CGUUCCUCAGCCUCACUGUGGUUUUAGAGCUAUGCU (SEQ ID NO:347) and the third
guide RNA complex used a crRNA (AMT3Pro-3) having the sequence
CAGAAACGAGCGUAUAACCAGUUUUAGAGCUAUGCU (SEQ ID NO:348). These guides
were designed to respectively effect a DSB at 147 (AMT3Pro-1), 230 (AMT3Pro-2), and 382
(AMT3Pro-3) nucleotides upstream of (5° to) the TSS of the AMTS3 coding sequence. An inducible
expression-enhancing element based on a nitrogen responsive element from Arabidopsis thaliana,
AtNRE, was used to design a 43 base-pair dsDNA (purchased from Integrated DNA Technologies,
Coralville, IA) having one strand with the sequence
(AAGAGATGAGCTCTTGAGCAATGTAAAGGGTCAAGTTGTTTCT, SEQ ID NO:349),
annealed to a second strand with the sequence
(AGAAACAACTTGACCCTTTACATTGCTCAAGAGCTCATCTCTT, SEQ ID NO:350); cach
strand was phosphorylated on the 5 end and contained two phosphorothioate linkages at each
terminus (7. e., the two linkages between the most distal three bases on either end of the strand). The
NRE dsDNA was integrated at the site of the DSBs introduced into the AMT3 promoter region.
[0249] After approximately 48 hours, samples of the transfected maize cells were treated with
either 0.5 millimolar KNO; or 0.5 millimolar KCI, incubated for 1 hour, and then harvested for

analysis. Quantitative RT-PCR was employed on three technical replicates per treatment to measure
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the relative expression of the AMT3 gene. Results (mean of triplicates, standard deviation) are
provided in Table 14 with relative AMT3 gene expression levels normalized to tubulin. The data
indicate that integrating the NRE expression-enhancing element into the promoter region of the
endogenous AMT3 gene resulted in an inducible response to nitrate; in the presence of nitrate,
expression of the AMTS3 transcript was increased by about 25-fold, about 17-fold, or about 8-fold,
where the NRE expression-enhancing element was inserted at 147, 230, or 382 nucleotides,
respectively, from the TSS of the AMT3 gene. While the endogenous AMT3 gene shows moderate
upregulation of expression in the presence of nitrate, integration of the NRE element into the AMT3

promoter region provided a much stronger response induced by nitrate.

TABLE 14
AtNRE Relative

crRNA insert Treatment Expression SD
AMT3Pro-1 Y KNO3 24.6 0.11
AMT3Pro-2 Y KNO3 17.3 0.17
AMT3Pro-3 Y KNO3 8.03 0.32
AMT3Pro-1 N KNO3 7.95 0.26
AMT3Pro-2 N KNO3 5.54 0.28
AMT3Pro-3 N KNO3 5.49 0.23
AMT3Pro-1 Y KCl 0.94 0.064
AMT3Pro-2 Y KCl 1.03 0.20
AMT3Pro-3 Y KCl 1.29 0.079
AMT3Pro-1 N KCl 1.00 0.026
AMT3Pro-2 N KCl 1.02 0.25
AMT3Pro-3 N KCl 1.00 0.036

[0250] The data from these various experiments all indicate that the degree of increase in

expression of a sequence or gene of interest can be set at a specific level by selecting the type (or copy
number) of an expression-enhancing element as well as the location where the expression-enhancing
clement(s) is (are) integrated, relative to the location of the sequence of interest (e. g., relative to the
location of the transcription start site of a sequence of interest). In these non-limiting examples, the
expression-enhancing elements were selected for responsiveness to an exogenously provided stimulus
(e. g., auxin or nitrate), and further control of expression can thus be achieved by controlling the
amount of the stimulus provided. Other embodiments include the use of expression-enhancing
clements that are responsive to other stimuli, e. g., transcription factors, signaling molecules such as
salicylic acid or jasmonic acid, hormones, metal ions, small molecules or ligands, heat, temperature,

and light or light quality; such expression-enhancing elements can be provided, e. g., in the form of
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sequences encoded by polynucleotide donor molecules (such as those described above under the
heading “Polynucleotide Molecules™) that are integrated at the site of one or more DSBs.

[0251] One of skill in the art would recognize that there are alternative methods for introducing
DSBs into the genome (e. g., use of CRISPR nucleases other than Cas9, such as CasX, CasY, and
Cpfl, zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TAL-effector
nucleases or TALENSs), Argonaute proteins, or a meganuclease or engineered meganuclease) and thus
similar embodiments of the approach described herein include use of any of these methods for
introducing at least one DSB into a genome, and integration of at least one expression-enhancing

element at the location of the at least one DSB.

Example 16

[0252] This example illustrates a method of simultaneously effecting multiple modifications in a
genome (4. e., multiple modifications of at least one sequence of interest in a genome), comprising
introducing at least two DSBs into a genome by one or more nucleases, and, optionally, integrating
sequence encoded by at least one polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
at one or more DSBs. In embodiments, the modifications are effected in two or more sequences or
genes of interest. In embodiments, individual DSBs have blunt ends, overhangs or a combination of a
blunt end and an overhang. In embodiments, sequences encoded by two or more different
polynucleotide donor molecules are integrated at one or more DSBs. In an embodiment, sequences
encoded by at least two different polynucleotide donor molecules are integrated at different DSBs. In
an embodiment, the polynucleotide donor molecule includes one or more strands containing
chemically modified DNA. Embodiments include double-stranded DNA or double-stranded
DNA/RNA hybrid molecules, and single-stranded DNA or single-stranded DNA/RNA hybrid donor
molecules, the sequence of which in analogous procedures is integrated at the site of at least two
DSBs. More specifically, this non-limiting example illustrates using multiple different
ribonucleoproteins (RNPs), wherein each RNP includes a guide RNA (gRNA) and a nuclease, to
effect multiple DSBs in the genome of a monocot plant, and integration of sequence encoded by a
double-stranded DNA (dsDNA) at the location of the multiple DSBs. In this example, two
endogenous maize (Zea mays) sequences or genes of interest, Lc (see Examples 9, 12, 14, and 15) and
BBM2 (see Example 4), were selected for modification by insertion of an expression-enhancing
clement at a DSB located in the promoter region of each gene.

[0253] Maize B73 protoplasts were prepared as described in Examples 1, 4, 8, 9, 12, and 15.
Ribonucleoproteins (RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND) and guide RNA
complexes. Guide RNA complexes were made with crRNAs and a tracrRNA purchased from
Integrated DNA Technologies, Coralville, IA. For modifying the promoter of the endogenous maize
Lc gene, the crRNA “ZmLc Pro-17 (SEQ ID NO:306, sece Example 9) was used; this was designed to
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effect a DSB 173 nucleotides upstream of (5 to) the transcription start site (TSS) of the L¢ coding
sequence. For modifying the promoter of the endogenous maize BBM2 gene, the crRNA “ZmBBM2-
27 (SEQ ID NO:31, see Example 4) was used; this was designed to effect a DSB 342 nucleotides
upstream of (5° to) the TSS of the BBM2 coding sequence. An expression-enhancing element in the
form of the 34 base-pair dsDNA molecule “3xDR5” (with strands having the sequences of SEQ ID
NO:306 and SEQ ID NO:307), which contains three copies of an auxin response element (SEQ ID
NO:308), as described in Example 9, was purchased from Integrated DNA Technologies, Coralville,
IA; each strand was phosphorylated on the 5° end and contained two phosphorothioate linkages at
cach terminus (i. e., the two linkages between the most distal three bases on either end of the strand).
[0254] Following the same general procedures described above (e. g., Examples 4, 8, 9, 12, and
15) the protoplasts were transfected with the RNPs (including the guide RNA complexes), with or
without the dsDNA molecule “3xDR5” (see Example 9). Transfections were carried out to deliver the
same molar quantity of RNP for each genomic locus targetted for modification. Samples transfected
with both the RNP containing the ZmLc Pro-1 guide RNA complex and the RNP containing the
ZmBBM2-2 guide complex were thus transfected with twice the amount of nuclease (provided as
RNP) as the samples that were transfected with only a single RNP (containing either the ZmLc Pro-1
guide RNA complex or the ZmBBM2-2 guide complex). Maize protoplasts treated with no nuclease,
no guide RNA complex, and no dsDNA served as a null control. The transformed protoplasts were
then incubated for about 48 hours in a maize incubation buffer including the herbicide 2, 4-
dichlorophenoxyacetic acid (*2,4-D”), which has auxin-like properties. Quantitative RT-PCR was
employed on three technical replicates per treatment to measure the relative expression of the L¢ and
BBM2 genes. Results (mean of triplicates, standard deviation) are provided in Table 15 with relative
Lc or BBM2 gene expression levels normalized to tubulin. The data indicate that integrating the
3xDRS5 expression-enhancing element into the promoter region of either the endogenous L¢ gene or
the BBM2 gene resulted in an increased expression of that gene in the presence of exogenous auxin,
relative to the expression of either gene lacking the promoter modification (integration of the
expression-enhancing element). The data also indicate that simultaneous multiple modifications
(integration of a dSDNA at a DSB in the promoter region of two different genes) in the maize
protoplasts” genome was effected at about the same efficiency as a single modification, as the relative
expression of the individual genes in these protoplasts was approximately the same expression level

as observed for the same gene in the protoplasts that had only that one gene modified.

TABLE 15
Lc BBM2
Relative Relative
crRNA(s) dsRNA | Expression SD Expression SD
none (null control) none 1.01 0.16 1.01 0.13
ZmBBM?2-2 3xDR35 1.03 0.12 4.62 0.52
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Lc¢ BBM2
Relative Relative
crRNA(s) dsRNA | Expression SD Expression SD
ZmlLc Pro-1 3xDR35 8.16 151 0.77 0.046
ZmBBM?2-2 and Zml¢ Pro-1 none 1.18 0.14 0.70 0.064
ZmBBM2-2 and ZmLc Pro-1 | 3xDR5 6.61 022 4.99 0.17

[0255] One of skill in the art would recognize that simultaneously effecting multiple DSBs in a
genome (e. g., effecting multiple DSBs in a sequence of interest or effecting at least one DSB in each
of two or more sequences of interest) can be achieved with alternative methods (e. g., use of CRISPR
nucleases other than Cas9, such as CasX, CasY, and Cpfl, zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TAL-effector nucleases or TALENS), Argonaute proteins, or a
meganuclease or engineered meganuclease) and thus similar embodiments of the approach described
herein include use of any of these methods for simultaneously effecting multiple DSBs in a genome,

and, optionally, integrating at least one polynucleotide molecule at one or more DSBs.

[0256] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor
sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 17

[0257] This example illustrates a method of changing expression of a sequence of interest in a
genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule, at the site of at least one double-strand break (DSB) in a genome. This
example further demonstrates integration of sequences encoded by polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecules at a DSB in genomic sequence. More specifically, this non-
limiting example illustrates using a ribonucleoprotein (RNP) including a guide RNA (gRNA) and a
nuclease to effect a DSB in the genome of a monocot plant, and integration of sequence encoded by a
polynucleotide donor molecule including a sequence recognizable by a specific binding agent, and
wherein contacting the integrated sequence encoded by the polynucleotide donor molecule with the
specific binding agent results in a change of expression of a sequence of interest. In this particular

example, sequence encoded by the polynucleotide is integrated at a DSB located in non-coding
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genomic sequence (7. e., in a promoter region), the sequence recognizable by a specific binding agent
includes an enhancer element that is responsive to auxin, the specific binding agent is an auxin, and
the change of expression is upregulation of the sequence of interest.

[0258] Maize B73 protoplasts were prepared as described in Examples 1, 4, 8, 9, 12, 15, and 16.
Ribonucleoproteins (RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide
RNA complex including the “ZmLc Pro-3” ctRNA (SEQ ID NO:334) complexed with a tracrRNA
(Integrated DNA Technologies, Coralville, TA); this guide complex was designed to effect a DSB at
272 nucleotides upstream of (57 to) the TSS of the L¢ coding sequence. Three polynucleotides
including a sequence recognizable by a specific binding agent were tested for integration at the site of
the DSB: (a) a 34 base-pair dsDNA molecule “3xDR5” (with strands having the sequences of SEQ
ID NO:306 and SEQ ID NO:307), which contains three copies of an auxin response element (SEQ
ID NO:308) (sec Example 9); (b) a 34 nucleotide single-stranded DNA (ssDNA) molecule having the
sequence 5’-ccgacaaaaggcecgacaaaaggccgacaaaaggt-3° (SEQ ID NO:306) (i. e., equivalent to only a
single strand of the “3xDR5” dsDNA molecule); and a 34 base-pair blunt-ended double-stranded
DNA/RNA hybrid (analogous to the dsDNA molecule “3xDR5”) formed by annealing a DNA strand
having the sequence of SEQ ID NO:306 and an RNA strand having the sequence of 5°-
ACCUUUUGUCGGCCUUUUGUCGGCCUUUUGUCGG-3" (SEQ ID NO:351). All
polynucleotides tested for integration at the DSB were purchased from Integrated DNA Technologies,
Coralville, IA; each DNA or RNA strand was phosphorylated on the 5° end and contained two
phosphorothioate linkages at each terminus (7. e., the two linkages between the most distal three bases
on cither end of the strand).

[0259] Following the same general procedures described above (e. g., Examples 4, 8, 9, 12, and
15) the protoplasts were transfected with the RNPs (including the guide RNA complexes), with or
without a dsDNA, ssDNA, or DNA/RNA hybrid polynucleotide for integration. Transfections were
carried out to deliver the same molar quantity of polynucleotide for integration. Maize protoplasts
treated with no nuclease, no guide RNA complex, and no dsDNA served as a null control. The
transformed protoplasts were then incubated for about 48 hours in a maize incubation buffer including
the herbicide 2, 4-dichlorophenoxyacetic acid (“2,4-D”), which has auxin-like properties.
Quantitative RT-PCR was employed on three technical replicates per treatment to measure the relative
expression of the L¢ gene. Results (mean of triplicates, standard deviation) are provided in Table 16

with relative Lc gene expression levels normalized to tubulin.

TABLE 16
Lc relative standard
Conditions expression deviation
Null (no RNP, no polynucleotide) 1.00 0.11
RNP only 2.39 0.19
RNP + dsDNA 61.1 2.71
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Lc relative standard
Conditions expression deviation
RNP +ssDNA 107.5 2.28
RNP + DNA/RNA hybrid 6.79 0.30
[0260] As in previous Examples, the data indicate that integration of sequence encoded by a

dsDNA including the 3xDR5 expression-enhancing element into the promoter region of the
endogenous Lc gene resulted in increased expression in the presence of exogenous auxin, about sixty-
fold increased expression relative to the expression of the L¢ gene lacking the promoter modification
(integration of an expression-enhancing element). Surprisingly, the data also indicate that integration
of sequence encoded by a ssDNA polynucleotide containing the 3xDRS expression-enhancing
element appeared to provide an even greater increase in relative expression of the Lc gene in the
presence of endogenous auxin, well over 100-fold increased relative expression, or nearly twice the
increase in relative expression observed with that obtained with the dsDNA 3xDRS5 polynucleotide.
Furthermore, the data also indicate that integration of sequence encoded by a double-stranded
DNA/RNA hybrid polynucleotide containing the 3xDRS5 expression-enhancing element also increased
relative expression of the L¢ gene in the presence of endogenous auxin by at least a few fold relative
to the expression of the Lc gene lacking the promoter modification (integration of an expression-
enhancing element).

[0261] A second experiment to compare the effects of dsDNA and ssDNA polynucleotides was
performed using essentially the same procedures as above, using maize B73 protoplasts and
ribonucleoproteins (RNPs) prepared with Cas9 nuclease (Aldevron, Fargo, ND) and a guide RNA
complex including the “ZmLc Pro-3” crRNA (SEQ ID NO:334) complexed with a tracrRNA
(Integrated DNA Technologies, Coralville, IA). This experiment included longer ssDNA
polynucleotides encoding the 6xDR5 or 9xDRS5 sequences (see Examples 9, 12, and 15). Maize
protoplasts treated with no nuclease, no guide RNA complex, and no dsDNA served as a null control.
The transformed protoplasts were then incubated for about 48 hours in a maize incubation buffer
including the herbicide 2, 4-dichlorophenoxyacetic acid (“2,4-D”), which has auxin-like properties.
Quantitative RT-PCR was employed on three technical replicates per treatment to measure the relative
expression of the L¢ gene. Results (mean of triplicates, standard deviation) are provided in Table 17
with relative Lc gene expression levels normalized to tubulin. The results indicated that, in each case,
the integration of sequence encoded by the ssDNA polynucleotide into the Lc promoter region
resulted in greater upregulation of Le relative expression; in this experiment, the increased
upregulation of Lc¢ expression was most marked in the 3xDRS5 and 9xDRS5 cases (an approximately 2-
fold increase in upregulation effected by the ssDNA polynucleotides, compared to that observed with
the dsDNA equivalents). This suggests that ssDNA polynucleotides are especially of use when

integrating longer nucleotide sequences (e. g., of more than 100 contiguous nucleotides).
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TABLE 17
Lc relative standard
Conditions expression deviation
Null 1.00 0.07
RNP only 1.52 0.05
3xDR5, ssDNA 61.0 2.6
3xDRS5, dsDNA 34.7 3.0
6xDR5, ssDNA 46.8 1.8
6xDR5, dsDNA 433 2.2
9XDR5, ssDNA 19.6 0.6
9XDR3, dsDNA 8.9 0.9
Example 18
[0262] This example illustrates a method of changing expression of a sequence of interest in a

genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded
DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
hybrid) donor molecule at the site of at least one double-strand break (DSB) in a genome. More
specifically, this non-limiting example illustrates using a ribonucleoprotein (RNP) including a guide
RNA (gRNA, in this case a Cpfl crRNA without a tracrRNA) and a Cpfl nuclease to effect a DSB in
the genome of a plant, and integration of sequence encoded by a polynucleotide donor molecule
including a sequence recognizable by a specific binding agent, wherein contacting the integrated
sequence encoded by polynucleotide with the specific binding agent results in a change of expression
of a sequence of interest. In this particular example, sequences encoded by dsDNAs either with blunt
ends or with overhangs, and encoding an auxin-responsive enhancer element, were integrated at a
DSB located in non-coding genomic sequence (7. e., in the promoter region of a sequence of interest);
in the presence of auxin, expression of the sequence of interest was increased.

[0263] Maize B73 protoplasts were prepared as described in Examples 1, 4, 8,9, 12, 15, 16, and
17. Ribonucleoproteins (RNPs) were prepared with Cpfl nuclease (Aldevron, Fargo, ND) and a
“Cpfl LcPro3” crRNA with the sequence 5°-UGGACAGAGCUCCAAGUGACC-3" (SEQ ID
NO:352). Two polynucleotides including a sequence recognizable by a specific binding agent were
tested for integration at the site of the Cpfl-effected DSB. The first polynucleotide was a 34 base-pair
blunt-ended dsDNA molecule “3xDR5” (with strands having the sequences of SEQ ID NO:306 and
SEQ ID NO:307), which contains three copies of an auxin response element (SEQ ID NO:308) (see
Example 9); each DNA strand was phosphorylated on the 5° end and contained two phosphorothioate
linkages at each terminus (i. e., the two linkages between the most distal three bases on either end of
the strand). The second polynucleotide was a “sticky-ended” dsDNA molecule with overhangs at
cach terminus, produced by annealing (a) a forward DNA strand having the sequence 5°-
TCGGTCCGACAAAAGGCCGACAAAAGGCGGACAAAAGG-3’ (SEQ ID NO:353) and

containing four phosphorothioate linkages at the 5™ end (i. e., the four linkages between the five most
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5” bases of the strand) and two phosphorothioate linkages at the 3 end (7. e., the two linkages between
the three most 37 bases of the strand) and (b) a reverse DNA strand having the sequence 5°-
ACCGACCTTTTGTCGGCCTTTTGTCGGCCTTTTGTCGG-3" (SEQ ID NO:354) and containing
five phosphorothioate linkages at the 5° end (7. e., the five linkages between the six most 5 bases of
the strand) and two phosphorothioate linkages at the 3™ end (7. e., the two linkages between the three
most 3~ bases of the strand); each DNA strand was phosphorylated on the 5° end and. All
polynucleotides tested for integration at the DSB were purchased from Integrated DNA Technologies,
Coralville, TIA.

[0264] Following the same general procedures described above (e. g., Examples 4, 8, 9, 12, 15,
16, and 17) the protoplasts were transfected with the RNPs (including the guide RNA complexes),
with or without a blunt-ended or a “sticky-ended” dsDNA polynucleotide for integration. Maize
protoplasts treated with no nuclease, no guide RNA complex, and no dsDNA served as a null control.
The transformed protoplasts were pelleted by centrifugation at 1200 rpm, resuspended in 1 milliliter
maize incubation buffer (see Example 2) including the herbicide 2, 4-dichlorophenoxyacetic acid
(2,4-D”) with 50 millimolar CaCl, added), and plated in 6-well plates. The plates were incubated 1
hour at 37 degrees Celsius, and then incubated for about 48 hours at 26 degrees Celsius in the dark.
Results are provided in Table 18. The data indicate that the sticky-ended dsDNA was inserted at a
higher percentage than was the blunt-ended dsDNA. NGS sequencing results showed that the stick-
ended dsDNA was inserted in the correct orientation to a much greater degree than was the blunt-
ended dsDNA. This observation suggests that using a nuclease (such as Cpfl) that effects a double-
strand break with overhangs (or, alternatively, using two nucleases to effect two DSBs between which
genomic sequence is excised, wherein at least one of the nucleases effects a DSB with overhangs)
results in an asymmetry at the locus for insertion of a nucleotide sequence encoded by a
polynucleotide donor molecule that provides an opportunity for insertion of the nucleotide sequence

in the correct orientation.

TABLE 18
+ Orientation
% correct % correct (% of
Conditions editing insertion Insertion)

Null (no RNP, no polynucleotide) 0 0

RNP only 72 -

RNP + blunt-ended dsDNA 72 9 38.9

RNP + sticky-ended dsDNA 68 15 97.1
Example 19
[0265] This example illustrates a method of changing expression of a sequence of interest in a

genome, comprising integrating sequence encoded by a polynucleotide (such as a double-stranded

DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA
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hybrid) donor molecule, at the site of at least one double-strand break (DSB) in a genome. This
example further demonstrates integration of sequence encoded by double-stranded DNA, single-
stranded DNA, and double-stranded DNA/RNA hybrid polynucleotides at a DSB in genomic
sequence. More specifically, this non-limiting example illustrates using a ribonucleoprotein (RNP)
including a guide RNA (gRNA) and a nuclease to effect a DSB in the genome of a monocot plant, and
integration of sequence encoded by a polynucleotide donor molecule including a sequence
recognizable by a specific binding agent, and wherein contacting the integrated sequence encoded by
the polynucleotide donor molecule with the specific binding agent results in a change of expression of
a sequence of interest. In this particular example, sequence encoded by a polynucleotide encoding an
upstream open reading frame (“uORF”, a small open reading frame (ORF) located in the 5°
untranslated region upstream of, and controlling translation of, the main open reading frame of an
mRNA) is integrated at a DSB upstream of (5 to) the coding sequence of the reporter gene luciferase.
Translation of the uORF typically inhibits downstream translation of the main ORF, possibly by
blocking ribosome access to the main ORF; in the presence of a microbe-associated molecular pattern
(MAMP) molecule, inhibition by the uORF is lifted and the main ORF is translated.

[0266] The TBF1 transcription factor (TL1 binding factor, which binds to the TL1 cis element) is
a key gene in plant defense systems, and both the transcription and translation of TBF1 is tightly
controlled. Plants lacking a functional TBF1 have a compromised immune response to salicylic acid
and to the microbe-associated molecular pattern (MAMP), elf18. Two uORFs are located 5° to the
translation initiation codon of TBF1; both have an inhibitory effect on TBF1 translation which is
alleviated with immune induction (induction of a defense response to pathogens), with the effect of
uORF?2 epistatic to that of uORF1; see Pajerowska-Mukhtar er al. (2012) Current Biol., 22:103-112.
Both uORFs are highly enriched in aromatic amino acids, especially phenylalanine; uORF2
(At4g36988) is well-conserved among TBF1 homologues in other plant species. In addition to
uORFs, another genetic element identified as important in translational control of TBF1 is a “R-
motif”, an mRNA consensus sequence consisting largely of purines, which interacts with poly-A-
binding proteins; see Xu ef al. (2017) Nature, 545:487 — 490, doi:10.1038/mature22371. Genes
containing R-motifs and uORFS located upstream of the main ORF, show increased translation of the
endogenous gene’s main ORF in the presence of pathogen signals. Heterologous insertion of one or
more of these immune-responsive elements (R-motifs and uORFs) upstream of an endogenous gene’s
main ORF provides a way to “tune” the translation level of an endogenous gene (even in the absence
of pathogen signals (where translation is expected to be repressed). This approach can be employed
in modifying endogenous genes to provide plants having enhanced expression of a gene when
pathogen signals are present, without the growth or yield penalty potential in constitutive translation
of the endogenous gene in question.

[0267] The following procedures are carried out to investigate the translational regulation

potential of uORF sequences heterologously integrated upstream of a gene’s main open reading
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frame. The rice (Oryza sativa) TBF1 gene (0s09g28354, see signal[dot]salk|dot]edu/cgi-
bin/RiceGE?GENE=0s09g28340) contains a uORF similar to AtTBF1 (Xu ef al. (2017) Nature,
545:491 — 494, doi:10.1038/mature22372) but does not have an obvious purine-rich R-motif. A 5’
UTR region of the rice (Os) TBF1 gene is provided in SEQ ID NO:355; this region includes: an
upstream ORF (OsTBF1 uORF2, SEQ ID NO:356, located at nucleotide positions 113 — 229 of SEQ
ID NO:355), Cas9 nuclease PAM motifs at nucleotide positions 69 — 71 and 126 — 128 of SEQ ID
NO:355, with the corresponding gRNA-specific target sequences at nucleotide positions 72 — 91 and
106 — 125 of SEQ ID NO:355.

[0268] The rice (Oryza sativa) NPR1 gene (0Os01g0194300, see, e. g.,
ensemble[dot]gramene[dot]org/Oryza sativa/Gene/Summary 7g=0S01G0194300;r=1:5060605-
5065209;t=0801T0194300-01) and its orthologues are involved in salicylic acid-induced broad-
spectrum pathogen resistance in plants. A 5° region of the rice (Os) NPR1 gene is provided in SEQ
ID NO:357; this region includes a Cas9 nuclease PAM motif at nucleotide positions 51 - 53 of SEQ
ID NO:357, with a corresponding gRNA-specific target sequence at nucleotide positions 54 — 73 of
SEQ ID NO:357. In the presence of MAMP signals (e. g., the bacterial flagellin peptide fragment
“f1g227), the OsTBF1 uORF2 sequence heterologously integrated upstream (e. g., at a double-strand
break effected by Cas9 nuclease and a gRNA targetting nucleotide positions 54 — 73 of SEQ ID
NO:357) of the main NPR1 ORF is expected to induce NPR1-mediated broad-spectrum resistance to
pathogens. Similar strategies to provide plants having improved resistance to pathogens includes
integration of a uORF sequence upstream of the main ORF of other defense-related genes, such as the
R genes (e. g., NB-LRR genes).

[0269] Various experiments investigating the ability of the OsTBF1 5° UTR sequence (SEQ ID
NO:355, including the uORF2 sequence SEQ ID NO:356) to regulate translation are performed. Ina
first experiment, the OsTBF1 5 UTR sequence (SEQ ID NO:355, including the uORF2 sequence
SEQ ID NO:356) is inserted 3 to a 35S promoter and 5 to a luciferase (LUC) reporter gene. A
control construct comprises the 35S promoter driving expression of LUC. The two constructs are
individually transfected into rice protoplasts using techniques similar to those described elsewhere in
this specification. The luciferase activity of the 35S-OsTBF1-5’UTR-LUC construct is predicted to
be lower than the luciferase activity of the control 35S-LUC construct.

[0270] Another experiment is designed to delete the functional OsTBF1 uORF2, to test its effects
on translation. Two guide RNAs designed to target the sequences at nucleotide positions 72 — 91 and
106 — 125 of SEQ ID NO:355 are delivered to the 355-OsTBF1-5"UTR-LUC-transformed cells (e.
2., by Cas9 nuclease RNPs). This results in deletion of the genomic region (which includes the start
codon of the uORF2’s sequence) flanked by the double-stranded breaks effected by the two gRNAs;
an increase in luciferase translation is expected with removal of the uORF’s repressive effect.

[0271] Another experiment is designed to evaluate the OsTBF1 uORF2’s responsiveness to
MAMP signals and the effects of this on translation of an ORF downstream of the uORF. The 35S-
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OsTBF1-5"UTR-LUC-transformed cells are treated with 10 micromolar bacterial flg22 (e. g.,
catalogue number AS-62633, AnaSpec, Fremont, CA) as an elicitor signal, which is expected to lower
the uORF’s translational inhibition and result in increased luciferase translation.

[0272] A 15-nucleotide consensus sequence for purine-rich R-motifs is described in Figure 2a of
Xu et al. (2017) Nature, 545:487 — 490, doi:10.1038/nature22371. The ability of added R-motifs to
regulate translation is tested by inserting an R-motif consisting of a 15-nucleotide poly(A) sequence
(SEQ ID NO:358) or an AtTBF1 R-motif with the 25-nucleotide sequence
CACATACACACAAAAATAAAAAAGA (SEQ ID NO:359) 3° to the 35S promoter and 5’ to the
OsTBF1 uORF2 in the construct 35S-OsTBF1-5’UTR-LUC. Luciferase translation is compared in
the 35S-R-motif-OsTBF1-5"UTR-LUC-transformed cells, with or without 10 micromolar bacterial
flg22.

[0273] In one method to improve a plant’s general immunity to pathogens, sequence encoded by
a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule including nucleotides
having the sequence of or encoding an uORF is integrated at the site of at least one double-strand
break (DSB) in a genome, wherein the DSB is located upstream of the transcription start site (TSS) of
a plant defense gene main ORF. In embodiments, the polynucleotide is: (a) a double-stranded DNA
molecule having at least one strand including an uORF, such as the OsTBF1 uORF2 sequence (SEQ
ID NO:356); (b) a single-stranded DNA molecule including an uORF, such as the OsTBF1 uORF2
sequence (SEQ ID NO:356) or its complement; (¢) a single-stranded polynucleotide that is a
DNA/RNA hybrid and that includes an uORF, such as the OsTBF1 uORF2 sequence (SEQ ID
NO:356); or (d) a double-stranded DNA/RNA molecule including a DNA strand and an RNA strand
capable of forming a double-stranded duplex, wherein at least one strand of the duplex includes an
uOREF, such as the OsTBF1 uORF2 sequence (SEQ ID NQ:356). In a non-limiting example,
sequence encoded by a polynucleotide including nucleotides having the sequence of a uORF is
integrated at the site of at least one DSB located upstream of the transcription start site (TSS) of the
main ORF of the endogenous rice chitinase 8 gene (0s10g0542900; see, e. g.,
ensemble[dot]gramene[dot]org/Oryza_sativa/Gene/Summary?g=0S10G0542900;r=10:21205700-
21207611:t=0S10T0542900-01). A 5’ region of the rice chitinase 8 gene is provided in SEQ ID
NO:360; this region includes a Cas9 nuclease PAM motif at nucleotide positions 319 - 321 of SEQ
ID NO: 360, with a corresponding gRNA-specific target sequence at nucleotide positions 299 — 318
of SEQ ID NO: 360. A single-stranded DNA molecule including the OsTBF1 uORF2 sequence
(SEQ ID NO:356) is delivered to rice protoplasts together with an RNP including the Cas9 nuclease
and a guide RNA designed to effect a DSB at the gRNA-specific target sequence at nucleotide
positions 299 — 318 of SEQ ID NO: 360, which is located upstream of the transcription start site
(TSS) of the chitinase ORF. The effect of the uORF2 sequence on chitinase 8 translation is measured
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by Western blot analysis with an anti-chitinase 8 antibody (catalogue number AS15 2889, Agrisera,

Viannas, Sweden).
Example 20

[0274] This example illustrates a method of providing a plant cell having a modified phenotype,
the method including introducing multiple double-strand breaks (DSBs) into the genome, in this case
into non-translated genomic sequence (the 5° untranslated or promoter region) of multiple genes, and
integrating at the site of the DSBs a nucleotide sequence encoded by a polynucleotide (such as a
double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-
stranded DNA/RNA hybrid) donor molecule. In this non-limiting example, multiple genomic
modifications (“multiplexed edits™) are effected in a maize cell by using multiple ribonucleoproteins
(RNPs), each including a nuclease and a guide RNA (gRNA), to introduce a DSB at a predetermined
site in the promoter region of each of three different maize genes involved in nitrogen uptake and
utilization, and integrating a nitrate-responsive element sequence (encoded by a chemically modified
double-stranded DNA) at the site of each DSB. The effects of the resulting multiple genomic
modifications include both a non-constitutive (nitrate-responsive) increase in expression of each of
the three modified genes as well as an increase in expression of an unmodified gene, AMT3.

[0275] The three endogenous maize genes selected for modification were a maize transcription
factor, Dofl (see, e. g., www]|dot]uniprot|dot]org/uniprot/Q1HFQ1; Kurai et al. (2001) Plant
Biotechnol. J., 9:826 — 837); a maize nitrogen transporter, NRT2.2 (see, e. g.,
www]|dot]uniprot[dot]org/uniprot/Q53CL7); and a maize glutamine synthetase, Glnl .4 (see, e. g.,
www]|dot]uniprot[dot]org/uniprot/BOTSWS). The nitrate-responsive maize ammonium transporter
AMT3 gene (GRMZM2G118950, see www|dot]
maizegdb|dot]org/gbrowse'Tname=GRMZM2G118950) was chosen as an unmodified read-out gene.
[0276] Maize B73 protoplasts were harvested from leaves of B73 maize plants that had been
grown in nitrate-free medium for 13 days (see Example 15). Three different ribonucleoproteins
(RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND) and one of three guide RNA
complexes, each including a different crRNA complexed with a tractrRNA (Integrated DNA
Technologies, Coralville, IA). The three crRNAs were “NRT2.2 Prol” with the sequence
CAAACAAAAAAGAAUGCAUGGUUUUAGAGCUAUGCU (SEQ ID NO:361), “GInl-4_Pro-1”
with the sequence UGUAUCCGUAUUUAUACGUGGUUUUAGAGCUAUGCU (SEQ ID
NO:362), and “Dofl Pro-1" with the sequence
GACGCGAGUGGGGGCCCACGGUUUUAGAGCUAUGCU (SEQ ID NO:363). A nitrogen
responsive element (AtNRE, see Example 15) encoded by a polynucleotide donor molecule was
provided as a 43 base-pair chemically modified dsDNA (purchased from Integrated DNA
Technologies, Coralville, IA) having a first strand with the sequence of SEQ ID NO:349 anncaled to
a second strand with the sequence of SEQ ID NO:350); cach strand was phosphorylated on the 5™ end
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and contained two phosphorothioate linkages at each terminus (i. e., the two linkages between the
most distal three bases on either end of the strand).

[0277] Following the same general procedures described above (e. g., Examples 4, 8, 9, 12, 15,
and 17) the protoplasts were transfected with the RNPs. Maize protoplasts treated with no nuclease,
no guide RNA complex, no salmon sperm DNA, and no polynucleotide donor molecule served as a
null control. The different guide RNA (gRNA) complexes were prepared by mixing equal amounts of
tracrRNA and the gene-specific CRISPR ¢rRNA: 30 microliters of 100 micromolar crRNA were
mixed with 30 microliters of 100 micromolar tracrRNA, heated at 95 degrees Celsius for 5 minutes,
and then cooled to room temperature. To the cooled gRNA solution, 100 micrograms Cas9 nuclease
(Aldevron, Fargo, ND) was added and the mixture incubated 5 minutes at room temperature to allow
the ribonucleoprotein (RNP) complex to form. For three reactions, 35 microliters of an individual
(“NRT2.2_Prol”, “Glnl-4_Pro-17, or “Dofl_Pro-17) RNP solution were added to 1000 microliters of
maize protoplasts (prepared as described in Example 1) in a microfuge tube; in one “multiplexed
editing” reaction, 35 microliters of each individual (“NRT2.2 Prol”, “Gln1-4 Pro-17, or “Dofl Pro-
17) RNP solution were added to 1000 microliters of maize protoplasts in a microfuge tube. All tubes
except for the null control also received 50 microliters (50 micromolar) of the AtNRE polynucleotide
donor molecule. Two microliters (20 micrograms) salmon sperm DNA (VWR Cat. No.: 95037-160)
and 1.2 milliliters of 40% PEG were added to each tube. The reaction mixtures were mixed gently by
tapping and incubated 5 minutes at room temperature. The reactions were stopped by adding 5
milliliters of washing buffer (0.6 molar mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KClI;
see Example 1) to each tube and mixed gently by inverting the tube. The tubes were centrifuged 2
minutes at 1200 rpm and the supernatant was then removed. The protoplasts were resuspended in 10
milliliters incubation solution and transferred to 10 x 10 cm dishes pre-coated with 5% calf serum; the
dishes were sealed with Parafilm M® film (Bemis, Oshkosh, W1), incubated 1 hour at 37 degrees
Celsius, and then incubated an additional 47 hours at 26 degrees Celsius in the dark. Forty-eight
hours after transfection, half of the cells were treated with 0.5 millimolar KNO; and half with 0.5
millimolar KCI; cells were incubated 1 hour, and then harvested for analysis.

[0278] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of each gene. Results (mean of triplicates, standard deviation) are
provided in Table 19 and illustrated in Figure 5, panels A and B, with relative gene expression levels
normalized to tubulin. The data indicate that, without any modifications, the Dofl, NRT2.2, and
Gln1.4 genes individually responded to nitrate exposure with an increase in relative expression of
about 3- to about 5-fold (Table 19; Figure 5, panel A). Integrating a nitrogen responsive element
(AtNRE) sequence into the promoter region of the Dofl, NRT2.2, and GInl .4 strongly increased the
responsiveness of these genes to nitrate; the NRE-modified genes responded to nitrate exposure with
an increase in relative expression of about 12- to about 16-fold (Table 19; Figure 5, pancl A). When

the Dofl, NRT2 .2, and GIn1.4 genes were modified by multiplexed editing of all three genes together,
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the result was an additional increase in nitrate response, especially marked in NRT2.2, which
responded to nitrate exposure by about 26-fold, or nearly twice the increase in expression observed
when NRT2.2 was modified alone (Table 19; Figure 5, panel A).

[0279] The relative expression of the unmodified, endogenous AMT3 gene was also measured.
In cells where the Dofl, NRT2 .2, and GInl.4 genes had not been modified, AMT3 relative expression
increased in the presence of nitrate by about 4-fold (Table 19; Figure 5, panel B). In cells where the
Dofl, NRT2.2, and GInl .4 genes were individually modified, AMT3 relative expression increased in
the presence of nitrate by about 12-, about 11-, and about 9-fold, respectively (Table 19; Figure 5,
panel B). In cells where the Dofl, NRT2.2, and GInl.4 genes were modified by multiplexed editing
of all three genes together, AMT3 relative expression increased in the presence of nitrate by about 25-

fold (Table 19; Figure 5, panel B).

Table 19
KC(Cl KNO;
Relative Relative
RNP used Gene Expression SD Expression SD
Null control (no RNP) Dofl 1.00 0.09 311 0.09
NRT2.2 1.00 0.05 3.76 0.10
Ginl4 1.00 0.02 5.06 0.21
AMT3 1.01 0.14 3.72 0.43
Dof1l Dofl 0.81 0.04 16.08 0.28
NRT2.2 0.52 0.06 5.70 0.38
Ginl4 0.86 0.03 7.24 0.38
AMT3 1.06 0.09 12.32 0.20
NRT2.2 Dofl 0.88 0.12 6.86 0.42
NRT2.2 0.83 0.04 13.28 0.58
Ginl4 0.56 0.02 6.02 0.23
AMT3 0.50 0.00 11.25 0.04
GInl4 Dof1 121 0.07 5.67 0.33
NRT2.2 0.91 0.07 6.52 0.46
Ginl4 0.89 0.02 12.04 0.11
AMT3 1.38 0.16 8.70 0.14
Multiplexed edits
(Dof1, NRT2.2, and
GlInl.4) Dofl 0.66 0.06 17.62 1.08
NRT2.2 0.49 0.03 25.74 2.88
Ginl4 0.60 0.29 14.05 0.53
AMT3 1.12 0.19 25.01 2.03
[0280] Additional experiments can be carried out with the same editing reagents in a plant/plant

tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor

sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different

combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
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different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 21
[0281] This example illustrates a method of providing a plant cell having a modified phenotype,

the method including integrating at a predetermined genomic locus a nucleotide sequence encoded by
a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule. More specifically, this
non-limiting example illustrates incorporation of an insulator element in the 5™ untranslated or
promoter region of the maize nitrate-responsive gene, AMT3.

[0282] Two different crRNAs and a tracrRNA were purchased from Integrated DNA
Technologies, Coralville, IA. The first crRNA (AMT3-Prol) had the sequence
CCAGUGAAUCUCCCCUCCCGGUUUUAGAGCUAUGCU (SEQ ID NO:346), and the second
c¢rRNA (AMT3-Pro2) had the sequence
CGUUCCUCAGCCUCACUGUGGUUUUAGAGCUAUGCU (SEQ ID NO:347). Guide RNAs
made with these crRNAs were designed to respectively effect a DSB at 147 (AMT3Pro-1) or 230
(AMT3Pro-2) nucleotides upstream of (5° to) the transcription start site of the AMT3 coding
sequence. Guide RNA complexes were made by mixing 70 microliters of 100 micromolar tracrRNA
and 70 microliters of 100 micromolar ctRNA, heating the mixture to 95 degrees Celsius for 5
minutes, removing from the heating block, and allowing the tubes to cool to room temperature on the
benchtop.

[0283] The palindromic nucleotide sequence of the insulator was 5’-GAATATATATATATTC-
37 (SEQ ID NO:364, sce U. S. Patent 7,605,300, which is incorporated herein by reference) which
was encoded on a chemically modified, single-stranded DNA donor molecule that was
phosphorylated on the 5° end and contained two phosphorothioate linkages at each terminus (i. e., the
two linkages between the most distal three bases on either end of the strand). One hundred microliters
(100 micromolar) of the insulator solution was heated to 95 degrees Celsius for 5 minutes, then the
heat was turned off and the solution allowed to slowly cool to room temperature in the block.

[0284] Maize B73 protoplasts were harvested from leaves of B73 maize plants that had been
grown in nitrate-free medium for 13 days (see Examples 15 and 20). One milliliter of protoplasts (2 x
1075 cells per milliliter) was added to each of five reaction tubes. Ribonucleoproteins (RNPs) were
prepared by mixing 200 micrograms Cas9 nuclease (Aldevron, Fargo, ND) and 120 microliters of one
of the two guide RNA complexes (AMT3Pro-1 crRNA/tractRNA or AMT3Pro-2 crRNA/tractRNA),
incubating the mixtures for 5 minutes at room temperature. To each RNP solution was added 2
microliters (20 micrograms) of salmon sperm DNA (VWR Cat. No.: 95037-160). Editing

experiments were carried out in the five reaction tubes with 70 microliters of an RNP solution, with or
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without 50 microliters of insulator solution, and sufficient buffer added if necessary to make up a total
volume of 120 microliters. Maize protoplasts treated with no nuclease, no guide RNA complex, no
salmon sperm DNA, and no polynucleotide donor molecule served as a null control. To each tube
was added 1.2 milliliters of 40% PEG; the reaction mixtures were mixed gently by tapping and
incubated 5 minutes at room temperature. The reactions were stopped by adding 5 milliliters of
washing buffer (0.6 molar mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCl; see Example
1) to each tube and mixed gently by inverting the tube. The tubes were centrifuged 2 minutes at 1200
rpm and the supernatant was then removed. The protoplasts were resuspended in 6 milliliters
incubation solution and transferred to 10 x 10 cm dishes pre-coated with 5% calf serum; the dishes
were sealed with Parafilm M® film (Bemis, Oshkosh, WI), incubated 1 hour at 37 degrees Celsius,
and then incubated an additional 47 hours at 26 degrees Celsius in the dark. Forty-eight hours after
transfection, half of the plates were treated with 10 millimolar (final concentration) KNOs and half
with 10 millimolar (final concentration) KCI; cells were incubated 1 hour, and then harvested for
analysis.

[0285] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the AMT3 gene. Results (mean of triplicates, standard deviation)
are provided in Table 20, with relative AMT3 expression levels normalized to tubulin. The
unmodified (native) maize AMT gene is responsive to high nitrate, with an increase in relative
expression of about 15-fold, compared to relative expression under low nitrate conditions. Editing
with only an RNP (nuclease and guide RNA complex) resulted in decreasing this response to high
nitrate to about 10-fold with the AMT3-Prol RNP and about 12-fold with the AMT3-Pro2 RNP; this
could be attributed to possible disruption of the promoter sequence and consequently possible
interference with normal transcription or translation. Integration of the insulator sequence at the
AMT3Pro-1-mediated DSB located 147 nucleotides upstream of the TSS of the AMT3 coding region
resulted in only about 2-fold increase in relative expression under high nitrate. Integration of the
insulator sequence at the AMT3Pro-2-mediated DSB located 230 nucleotides upstream of the TSS of
the AMT3 coding region resulted in only about 7-fold increase in relative expression under high
nitrate. Thus, integrating the relatively small insulator sequence upstream of the AMT3 TSS reduced
the AMT3 gene’s induction by nitrate. These results demonstrate the ability of an integrated sequence
encoded by a polynucleotide donor molecule to efficiently moderate or decrease a gene’s expression,
for example, by “insulating” the gene’s promoter from upstream enhancer sequences. This approach

may also be useful, e. g., in insulating an actively transcribed gene from an epigenetically silenced

gene.
Table 20
KCl KNO3
Relative Relative
Editing treatment Expression SD Expression SD
Null control (no RNP) 1.00 0.12 15.55 1.18
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AMT3-Prol 1.08 0.10 10.16 0.46
AMT3-Prol + Insulator 1.61 0.10 2.58 0.03
AMT3-Pro2 1.69 0.21 12.33 0.60
AMT3-Pro2 + Insulator 1.71 0.06 7.15 0.26

Example 22
[0286] This example illustrates a method of providing a plant cell having a modified phenotype,

the method including effecting a double-strand break (DSB) at a predetermined genomic locus. More
specifically, this non-limiting example illustrates effecting a double-strand break (DSB) at one or at
multiple predetermined loci within a first gene (FEA3), thereby reducing that gene’s expression; this
further results in increasing expression of a second gene (WUS), which is normally repressed by the
first gene.

[0287] The transcription factor WUSCHL (WUS) is expressed in the organizing center cells
below the stem cells in a plant’s shoot meristem; WUS expression prevents differentiation of stem
cells. WUS activates expression of CLAVATA (CLV) and the CLV signalling pathway, which then
controls stem cell proliferation and differentiation. The balance between WUS and CLV is
maintained by feedback signalling between the organizing center cells and stem cells. The CLV3
peptide is secreted from stem cells at the tip of the shoot apical meristem, and is bound by CLV1, is a
leucine-rich-repeat (LRR) receptor kinase; this results in negative regulation of shoot and floral
meristem. Another LRR receptor reported to respond to the CLV3 peptide is FASCIATED EAR3
(FEA3); weak alleles of fea3 have been reported to enhance yield in hybrid maize; see: Je ef al.
(2016) Nature Genetics, 48:785 — 791; DOIL: 10.1038/ng.3567. Reducing expression of FEA3 is
predicted to increase expression of WUS.

[0288] These experiments were carried out to observe the effects of down-regulating or
knocking-out expression of FEA3 in maize cells. Two different crRNAs and a tractrRNA were
purchased from Integrated DNA Technologies, Coralville, IA. The first crRNA (ZmFea3-1) had the
sequence GCGCUCCUUCUCCUCCAUGGGUUUUAGAGCUAUGCU (SEQ ID NO:365), and the
second crRNA (ZmFea3-2) had the sequence
CCUCGGCGUGGCGCUCUCGGGUUUUAGAGCUAUGCU (SEQ ID NO:366). Guide RNA
complexes were made by mixing 60 microliters of 100 micromolar tracrRNA and 60 microliters of
100 micromolar crRNA, heating the mixture to 95 degrees Celsius for 5 minutes, removing from the
heating block, and allowing the tubes to cool to room temperature on the benchtop.

[0289] Maize B73 protoplasts were harvested from leaves of B73 maize plants. One milliliter of
protoplasts (2 x 1075 cells per milliliter) was added to each of four reaction tubes.
Ribonucleoproteins (RNPs) were prepared by mixing 24 microliters (240 micrograms) Cas9 nuclease
(Aldevron, Fargo, ND) and 120 microliters of one of the two guide RNA complexes (AMT3Pro-1
crRNA/tractRNA or AMT3Pro-2 crRNA/tracrRNA), incubating the mixtures for 5 minutes at room

temperature. Editing experiments were carried out in the four reaction tubes with either 72 microliters
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of one of the two RNP solutions or 72 microliters of both RNP solutions, with sufficient buffer added
if necessary to make up a total volume of 144 microliters; 2 microliters (20 micrograms) of salmon
sperm DNA (VWR Cat. No.: 95037-160) was added to each tube except for the null control. Maize
protoplasts treated with no nuclease, no guide RNA complex, no salmon sperm DNA, and no
polynucleotide donor molecule served as a null control. To each tube was added 1.2 milliliters of
40% PEG; the reaction mixtures were mixed gently by tapping and incubated 5 minutes at room
temperature. The reactions were stopped by adding 5 milliliters of washing buffer (0.6 molar
mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCl) to each tube and mixed gently by
inverting the tube. The tubes were centrifuged 2 minutes at 1200 rpm and the supernatant was then
removed. The protoplasts were resuspended in 4 milliliters incubation buffer (see Example 2)
including the herbicide 2, 4-dichlorophenoxyacetic acid (“2,4-D”) with 50 millimolar CaCl, added)
solution. One milliliter of cells from each tube was transferred to a well in a 6-well plate; the
remaining 3 milliliters of cells from each tube were plated in four 10 x 10 cm dishes (all pre-coated
with 5% calf serum), with another 3 milliliters of incubation buffer added per dish (for an optimal cell
density for incubation). The plate and dishes were sealed with Parafilm M® film (Bemis, Oshkosh,
WI), incubated 1 hour at 37 degrees Celsius, and then incubated an additional 47 hours at 26 degrees
Celsius in the dark. Forty-eight hours after transfection, cells were harvested for analysis.

[0290]

measure the relative expression of the FEA3 and WUSI1 genes. Results (mean of triplicates, standard

Quantitative RT-PCR was employed on three technical replicates per treatment to

deviation) are provided in Table 21, with relative gene expression levels normalized to tubulin. The
data show that use of a single RNP (i. e., providing a DSB at a single precise locus in the FEA3 gene),
either Fea3-1 or Fea3-2, was sufficient to knock down FEA3 expression by about two-thirds; this
further resulted in about a 2-fold increase in WUS expression. Use of both RNPs (i. e., providing a
DSB at two precise loci in the FEA3 gene) knocked down FEA3 expression by about four-fifths, and
further resulted in strong (about 15-fold) upregulation of WUS expression.

Table 21
FEA3 WUS
Relative Relative

Treatment | expression SD expression SD

Null control 1.00 0.04 1.00 0.09

Fea3-1 0.27 0.03 2.81 0.24

Fea3-2 0.31 0.02 2.10 0.20

Fea3 142 0.19 0.01 15.15 2.01

Example 23

[0291] This example illustrates a method of providing a plant cell having a modified phenotype,

the method including introducing double-strand breaks (DSBs) into multiple loci or into multiple

genes, and integrating at the DSBs at least two different nucleotide sequences encoded by a
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polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule. In this non-limiting
example, multiple genomic modifications (“multiplexed edits™) were effected in a maize cell by using
multiple ribonucleoproteins (RNPs), each including a nuclease and a guide RNA (gRNA), to
introduce a DSB at a predetermined site in the promoter region of each of two different maize genes
involved in nitrogen uptake and utilization; a nitrate-responsive element sequence is then integrated at
the site of the DSB in the first gene (AMT3), and a palindromic 12-nucleotide endogenous maize
sequence having homology to the bacterial OCS enhancer is integrated at the site of the DSB in the
second gene (Lc). In this example, a first round of editing to effect a first DSB and integration of a
sequence encoded by a first polynucleotide donor molecule was carried out, followed by a second
round of editing to effect a second DSB and integration of a sequence encoded by a second
polynucleotide donor molecule; no selection or screening was performed between the editing rounds.
The time between editing rounds was 3 hours or 18 hours.

[0292] Two crRNAs, a tracrRNA, and the polynucleotide donor molecules were purchased from
Integrated DNA Technologies, Coralville, IA. The first crRNA (AMT3-Prol) had the sequence of
SEQ ID NO:346 (secec Example 21) and the second crRNA (ZmLc-Pro3) had the sequence of SEQ ID
NO:334 (see Example 15). The first polynucleotide donor molecule was a nitrogen responsive
clement (AtNRE, see Examples 15 and 20) encoded by a 43 base-pair chemically modified dsDNA
having a first strand with the sequence of SEQ ID NO:349 annealed to a second strand with the
sequence of SEQ ID NO:350, and the second polynucleotide donor molecule was the maize OCS
homologue (see Example 14) encoded by a chemically modified single-stranded DNA with the
sequence of SEQ ID NO:343. For both polynucleotide donor molecules, whether dsDNA or ssDNA,
cach strand was phosphorylated on the 5° end and contained two phosphorothioate linkages at each
terminus (7. e., the two linkages between the most distal three bases on either end of the strand).
Individual guide RNA complexes were made by mixing 60 microliters of 100 micromolar tracrRNA
and 60 microliters of the 100 micromolar crRNA (AMT3-Prol or ZmLc¢-Pro3), heating the mixture to
95 degrees Celsius for 5 minutes, removing from the heating block, and allowing the tubes to cool to
room temperature on the benchtop. To prepare the donor polynucleotide molecules, 150 microliters
(100 micromolar) of the first AtNRE strand (SEQ ID N:349) and 150 microliters (100 micromolar)
of the second AtNRE strand (SEQ ID NO:350) were mixed together in a tube; to another tube was
added 150 microliters (100 micromolar) of the palindromic OCS homologue ssDNA (SEQ ID
NO:343). The tubes were heated to 95 degrees Celsius for 5 minutes, then the heat was turned off
and the solution allowed to slowly cool to room temperature in the block.

[0293] Maize B73 protoplasts were harvested from leaves of B73 maize plants that had been
grown in nitrate-free medium for 13 days (see Examples 15, 20, and 21). The protoplasts underwent a
first editing reaction to integrate a nitrogen-responsive element sequence in the promoter region of the

AMTS3 gene, and then underwent a second editing reaction to integrate an auxin-responsive element in
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the promoter region of the L¢c gene. Maize protoplasts treated with no nuclease, no guide RNA
complex, no salmon sperm DNA, and no polynucleotide donor molecule served as a null control. One
milliliter of protoplasts (2 x 10"5 cells per milliliter) was added to each of six reaction tubes. Then, to
each of four tubes were added 5 microliters (50 micrograms) Cas9 nuclease (Aldevron, Fargo, ND)
and 30 microliters of the AMT3-Prol guide RNA complex (AMT3-Prol ctRNA/tractRNA), and to
the remaining two tubes (null controls) were added 90 microliters buffer. All tubes were incubated 5
minutes at room temperature. To each of the first four tubes (treated with the Cas9/AMT3-Prol
guide RNA) were added 50 microliters of the AtNRE polynucleotide donor solution and 2 microliters
(20 micrograms) salmon sperm DNA (VWR Cat. No.: 95037-160). To each tube was added 1.1
milliliters of 40% PEG; the reaction mixtures were mixed gently by tapping and incubated 5 minutes
at room temperature. The reactions were stopped by adding 5 milliliters of washing buffer (0.6 molar
mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCl) to each tube and mixed gently by
inverting the tube. The tubes were centrifuged 2 minutes at 1200 rpm and the supernatant was then
removed. The protoplasts were resuspended in 5 milliliters incubation solution (see Example 2, but
without any nitrate and with 50 millimolar CaCl, added) and transferred to 10 x 10 cm dishes pre-
coated with 5% calf serum; the dishes were sealed with Parafilm M® film (Bemis, Oshkosh, WI),
incubated 30 minutes at 37 degrees Celsius, and then incubated at 26 degrees Celsius in the dark.
[0294] After 3 hours incubation at 26 degrees Celsius, two of the plates containing protoplasts
treated with the Cas9/AMT3-Prol guide RNA and AtNRE polynucleotide donor molecule were
subjected to the second editing reaction as follows. Ten microliters (100 micrograms) Cas9 and 60
microliters of the ZmLc-Pro3 guide RNA were mixed gently in a tube and incubated 5 minutes at
room temperature; 50 microliters of the palindromic OCS homologue ssDNA (SEQ ID NO:343)
solution and 2 microliters (20 micrograms) salmon sperm DNA (VWR Cat. No.: 95037-160) were
then added and mixed gently in the tube. Two of the plates containing protoplasts treated with the
Cas9/AMT3-Prol guide RNA and AtNRE polynucleotide donor molecule were harvested by
centrifugation 2 minutes at 1200 rpm and the supernatant removed. The protoplasts from an
individual plate were resuspended in two tubes each containing 1 milliliter washing buffer. Each tube
received half of the prepared RNP (Cas9/ZmLc-Pro3)/OCS ssDNA/salmon sperm DNA mixture, and
tapped gently to mix. To each tube was added 1.1 milliliters of 40% PEG; the reaction mixtures were
mixed gently by tapping and incubated 5 minutes at room temperature. The reactions were stopped
by adding 5 milliliters of washing buffer to each tube and mixed gently by inverting the tube. The
tubes were centrifuged 2 minutes at 1200 rpm and the supernatant was then removed. The protoplasts
were resuspended in 5 milliliters incubation solution (see Example 2, but without any nitrate and with
50 millimolar CaCl, added) and transferred to 10 x 10 ecm dishes pre-coated with 5% calf serum; the
dishes were sealed with Parafilm M® film (Bemis, Oshkosh, WI), incubated 30 minutes at 37 degrees

Celsius, and then incubated at 26 degrees Celsius in the dark.
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[0295] After 18 hours incubation at 26 degrees Celsius, the remaining two of the plates
containing protoplasts treated with the Cas9/AMT3-Prol guide RNA and AtNRE polynucleotide
donor molecule were subjected in a similar manner to the second editing reaction. All treatment steps
were identical to those carried out at the 3-hour timepoint as described in the immediately preceding
paragraph.

[0296] Twenty-four additional hours after the 18-hour transfection (editing reaction), half of the
plates were treated with 0.5 millimolar KNQOj3 and half with 0.5 millimolar KCI; cells were incubated
1 hour, and then harvested for analysis.

[0297] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the AMT3 and Le¢ genes. Results (mean of triplicates, standard
deviation) are provided in Table 21 and illustrated in Figure 6, with relative gene expression levels
normalized to tubulin. The data show that the endogenous (non-edited) AMT3 and Lc¢ genes both
show a moderate (about 4- to 5-fold, relative to KCl controls), nitrate-induced increase in expression.
In the cells that underwent a second (ZmLc-Pro3/0OCS homologue) transfection or editing reaction 3
hours after the first (AMT3-Pro1/AtNRE) transfection, there is a nitrate-induced increase in L¢
expression that may be due to excess AtNRE polynucleotide donor, resulting in the AtNRE sequence
being incorporated into the DSB effected by the later-provided Le-Pro3 guide. In the cells that
underwent a second (ZmLc-Pro3/0OCS homologue) transfection or editing reaction 18 hours after the
first (AMT3-Prol/AtNRE) transfection, nitrate-induced increase is not observed in Lc expression,
indicating that excess AtNRE polynucleotide has degraded and that it is the sequence encoded by the
OCS homologue that is incorporated into the DSB effected by the Lc-Pro3 guide. There is increased
relative expression of AMT3 even in the absence of nitrate induction, which suggests the possibility
of some Cas9 remaining bound to the AMT3-Pro1 site at the time of the second (ZmLc-Pro3/0CS
homologue) editing reaction, which might have resulted in unintentional incorporation of some OCS
homologue sequence into the AMT3-Prol site; this effect is more evident at 3 hours than at 18 hours,
indicating that there is less Cas9 remaining bound to the AMT3-Prol at 18 hours than at 3 hours.
NGS sequencing is performed to verify and quantify correct integration of the polynucleotide donor

molecules at the intended loci in the genome.

Table 22
AMTS3 Lc
Genome editing Nutrient Relative Relative
treatment treatment | Expression SD Expression SD
KCl1 1.02 0.25 1.00 0.10
Null KNO; 3.76 0.17 5.10 1.06
AMT3-Prol+AtRNE; at KCl1 5.74 0.30 17.66 1.00
3 hours Lc-Pro3+OCS KNO; 14.45 1.18 23.67 0.98
AMT3-Prol+AtRNE; at K(Cl 3.37 0.06 20.34 1.51
18 hours Lc-Pro3+0CS KNO; 15.22 1.97 20.04 0.51
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[0298] One of skill in the art would recognize that effecting multiple DSBs in a genome (e. g.,
effecting multiple DSBs in a sequence of interest or effecting at least one DSB in each of two or more
sequences of interest) can be achieved by successive rounds of editing reactions in the same plant cell
(or whole plant, plant part or tissue, embryo, or seed) in a manner such as that illustrated by this
example. Any of these DSBs can be effected through alternative methods (e. g., use of CRISPR
nucleases other than Cas9, such as CasX, CasY, and Cpfl, zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TAL-effector nucleases or TALENS), Argonaute proteins, or a
meganuclease or engineered meganuclease) and thus similar embodiments of the approach described
herein include use of any of these methods and effector molecules for simultaneously effecting
multiple DSBs in a genome, and, optionally, integrating at least one polynucleotide molecule at one or
more DSBs.

[0299] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor
sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 24

[0300] This example illustrates a method of modifying a sequence of interest in a genome,
comprising integrating a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a
single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) molecule at the site of at
least one double-strand break (DSB) in a genome. More specifically, this example illustrates
integrating a sequence encoded by a polynucleotide into one or more double-strand breaks in a
genome, wherein at least one of the DSBs is asymmetric (e. g., has at least a one-nucleotide
overhang), and wherein the sequence encoded by the polynucleotide is integrated at the asymmetric
DSB in a specific orientation. This approach is useful for integrating a specifically oriented
recombinase recognition site sequence at each of two DSBs effected in a genome, allowing use of a
sequence-specific recombinase to mediate deletion, exchange, inversion, or translocation of genomic
sequence flanked by the recombinase recognition sites thus integrated.

[0301] In this example, the nuclease Cpfl is used to effect a DSB containing overhangs at two
loci in a genome, for example, in each of the two introns flanking an exon. A first recombinase
recognition site sequence is integrated into one DSB and a second recombinase recognition site

sequence is integrated into the other DSB; the two recombinase recognition site sequences are
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heterospecific relative to each other, i. e., each will not recombine together but cach will recombine
only with another recombination site of its own type. Subsequent to the genomic integration of the
heterospecific recombinase recognition site sequences, a polynucleotide donor molecule is provided
for recombinase-mediated genomic sequence replacement, for example, replacement of an exon. This
polynucleotide donor molecule includes a replacement genomic sequence (for example, a replacement
exon sequence) and further includes on each terminus a recombinase recognition site sequence that is
homospecific to (i. e., will recombine with) one of the genomically integrated recombinase
recognition site sequences. The appropriate recombinase is also provided, resulting in the exchange
of the endogenous exon sequence for the replacement exon sequence. This technique avoids
introducing editing inaccuracies such as unintentional nucleotide changes, deletions, or additions in
the integrated replacement exon sequence or the messenger RNA encoded by the replacement exon.
In the particular example described below, this technique is used to replace a “wild-type” maize
EPSPS exon 2 (an exon having unmodified, native genomic sequence) with a replacement exon 2
sequence that encodes a modified EPSPS protein having resistance to glyphosate.

[0302] The target gene selected for editing is the maize (Zea mays, B73 line)
enolpyruvylshikimate phosphate synthasel (EPSPS) gene (see

www]|dot]maizegdb|dot]org/gene center/gene/Zm00001d045450) with the partial genomic sequence
of
gtgaacaaccttatgaaatttgggcgcaaagaactcgecctcaagggttgatettatgccategtecatgataaacagtggageacggacgatccttta
cgttgtttttaacaaactttgtcagaaaactagcatcattaacttcttaatgacgatttcacaacaaaaaaaggtaacctcgetactaacataacaaaatac
ttgttgcttattaattatatgttttttaatctttgatc AGGGGACAACAGTGGTTGATAACCTGTTGAACAGTGAGGA
TGTCCACTACATGCTCGGGGCCTTGAGGACTCTTGGTCTCTCTGTCGAAGCGGACAAAGC
TGCCAAAAGAGCTGTAGTTGTTGGCTGTGGTGGAAAGTTCCCAGTTGAGGATTCTAAAGA
GGAAGTGCAGCTCTTCTTGGGGAATGCTGGAACTGCAATGCGGCCATTGACAGCAGCTG
TTACTGCTGCTGGTGGAAATGCAA Cgtatgtttectctctttctctctacaatacttgctggagttagtatgaaacccatgggtat
gtctagt (SEQ ID NO:367); a first intronic sequence (nucleotides 1 — 238 of SEQ ID NO:367) and a
second intronic sequence (nucleotides 483 — 550 of SEQ ID NO:367) are given in lower-case font,
exonic sequence (nucleotides 239 — 482 of SEQ ID NO:367) is given in upper-case font, a first
crRNA (guide RNA) target site sequence (nucleotides 23 — 43 of SEQ ID NO:367) and a second
crRNA (guide RNA) target site sequence (nucleotides 508 — 528 of SEQ ID NO:367) are italicized
and the PAM sites (nucleotides 19 — 22 and nucleotides 529 — 532 of SEQ ID NO:367) are
underlined.

[0303] Maize B73 protoplasts are prepared as described in Examples 1, 4, 8,9, 12, 15, 16, and
17. Ribonucleoproteins (RNPs) are prepared with Cpfl nuclease (Aldevron, Fargo, ND) and either of
two guide RNAs (purchased from Integrated DNA Technologies, Coralville, IA); the first guide RNA
(“EPS-Cpfl-g1”) has the sequence
UAAUUUCUACUCUUGUAGAUGGCGCAAAGAACUCGCCCUCA (SEQ ID NO:368) and the
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second guide RNA (“EPS- Cpfl-g27”) has the sequence
UAAUUUCUACUCUUGUAGAUAUACUAACUCCAGCAAGUAUU (SEQ ID NO:369).

[0304] Two different, chemically modified, double-stranded DNA (dsDNA) donor molecules,
each encoding one of a pair of heterospecific recombinase recognition site sequences (in this case,
loxP and 10x2272), are used in this experiment. The first dsDNA (“loxP”) donor molecule, containing

40 base pairs and S-nucleotide overhangs, is produced by annealing a first strand having the sequence

5°-P-T*C*AAGGGTATAACTTCGTATAGCATACATTATACGAAGTTATTCA-3” (SEQ ID

NO:370) and a second strand having the sequence 5°-P-
C*T*TGATGAATAACTTCGTATAATGTATGCTATACGAAGTTATACC-3" (SEQ ID NO:371);

the loxP sequences are underlined. The second dsDNA (“1ox22727) donor molecule, containing 40
base pairs and 5-nucleotide overhangs, is produced by annealing a first strand having the sequence 5°-

P-A*C*AATGGTATAACTTCGTATAAAGTATCCTATACGAAGTTATTCA-3" (SEQ ID

NO:372) and a second strand having the sequence 5°-P-
A*T*TGTTGAATAACTTCGTATAGgATACITTATACGAAGTTATACC-3" (SEQ ID NO:373);

the lox2272 sequences are underlined.

[0305] This polynucleotide molecule including a replacement genomic sequence (for example, a
replacement exon sequence) and further includes on each terminus a recombinase recognition site
sequence that is homospecific to (i. e., will recombine with) one of the genomically integrated
recombinase recognition site sequences.

[0306] A dsDNA molecule, including a replacement EPSPS exon sequence and further including
a loxP recombinase recognition sequence 5° to the EPSPS exon sequence and a lox2272 recombinase
recognition sequence 3’ to the EPSPS exon sequence, was prepared by PCR using primers and a
template purchased from Integrated DNA Technologies, Coralville, IA. The primers were had the
sequences 5’ -P-G*T*GAACAACCTTATGAAATTTGGG (forward primer, SEQ ID NO:374) and
5°-P-A*C*TAGACATACCCATGGGTTTCAT (reverse primer, SEQ ID NO:375), where P
represents a 5° phosphorylation and * indicates a phosphorothioate linkage. The template sequence is
given by 5°-
GTGAACAACCTTATGAAATTTGGGCGCATAACTTCGTATAGCATACATTATACGAAGTTA
TAAAGAACTCGCCCTCAAGGGTTGATCTTATGCCATCGTCATGATAAACAGTGGAGCACG
GACGATCCTTTACGTTGTTTTTAACAAACTTTGTCAGAAAACTAGCATCATTAACTTCTTA
ATGACGATTTCACAACAAAAAAAGGTAACCTCGCTACTAACATAACAAAATACTTGTTG
CTTATTAATTATATGTTTTTTAATCTTTGATCAGGGGACAACAGTGGTTGATAACCTGTTG
AACAGTGAGGATGTCCACTACATGCTCGGGGCCTTGAGGACTCTTGGTCTCTCTGTCGAA
GCGGACAAAGCTGCCAAAAGAGCTGTAGTTGTTGGCTGTGGTGGAAAGTTCCCAGTTGA
GGATTCTAAAGAGGAAGTGCAGCTCTTCTTGGGGAATGCTGGAATTGCAATGCGGGCAT
TGACAGCAGCTGTTACTGCTGCTGGTGGAAATGCAACGTATGTTTCCTCTCTTTCTCTCTA
CAATACTTGCATAACTTCGTATAAAGTATCCTATACGAAGTTATTGGAGTTAGTATGAAA
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CCCATGGGTATGTCTAGT-3" (SEQ ID NQO:376); this contains a loxP recombinase site sequence
at positions 28 - 61 (underlined) of SEQ ID NQ:376 and a 1ox2272 recombinase site sequence at
positions 551 - 584 (underlined single nucleotides) of SEQ ID NO:376, and further contains
nucleotide changes (relative to the wild-type sequence) at positions 465 and 476 of SEQ ID NO:376
to provide the amino acid mutations T102I and P106A in the mature protein, which are point
mutations found in glyphosate-resistant EPSPS; see also Example 13.

[0307] A plant-codon-optimized Cre recombinase sequence is synthesized (Integrated DNA
Technologies, Coralville, [A). The Cre recombinase sequence is cloned into a vector including a heat
shock-inducible promoter for driving the expression of Cre. Alternatively, Cre protein is delivered
directly into the cells. A Cre fusion protein useful for this recombinase reaction is a recombinant
cell-permeant fusion including Cre-recombinase and a TAT sequence (a nuclear localization sequence
, NLS); see, e. g., Millipore Sigma catalogue number SCR508 (EMD Millipore Corporation, Billerica,
MA).

[0308] The maize protoplasts are subjected to a first editing reaction to integrate a loxP
recombinase site sequence in the first intronic region of the EPSPS sequence given by SEQ ID
NO:367, followed by a second editing reaction to integrate a lox2272 recombinase site sequence in
the first intronic region of the EPSPS sequence given by SEQ ID NO:367. Maize protoplasts treated
with no nuclease, no guide RNA complex, no salmon sperm DNA, and no polynucleotide donor
molecule serve as a null control. The multiplexed editing steps are carried out essentially as described
in Example 23, with the second editing reaction carried out 3 hours after the first editing reaction.

The protoplasts are then incubated overnight. In a final step, the protoplasts are subjected to a Cre
recombinase-mediated recombination reaction in which a replacement EPSPS exon sequence replaces
the endogenous EPSPS exon sequence, guided by the respective pairing of the homospecific loxP and
homospecific lox2272 recombinase recognition site sequence pairs. The protoplasts are transfected
with the dsDNA molecule including a replacement EPSPS exon sequence (provided, e. g., as a
circular plasmid or as linearized dsDNA) and with the plant-codon-optimized Cre recombinase
(provided, e. g., as the recombinase protein or via an expression vector). Twenty-four additional
hours after the Cre-mediated recombination reaction, cells are harvested for analysis.

[0309] One of skill in the art would recognize that there are many other possible applications of
this approach, which combines (a) integrating at least one recombinase recognition site sequence
encoded by a polynucleotide donor molecule at one or more DSBs effected by a sequence-specific
nuclease, and (b) treatment with a recombinase, and optionally with a polynucleotide molecule that
includes at least one recombinase recognition site sequence. Various combinations of homospecific
and heterospecific recombinase recognition sites and recombinases can be used. The genomic
outcome of such applications include recombinase-mediated deletion, exchange, inversion, or
translocation of genomic sequence. Any of these approaches can be combined with other editing

techniques. For example, the edited herbicide-tolerant EPSPS enzyme provided by the methods
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described in this Example can be combined with integration at a DSB effected in the 3™ untranslated
region of the edited herbicide-tolerant EPSPS gene of at least one recognition site sequence for an
siRNA or a miRNA specifically expressed in male reproductive tissue or female reproductive tissue
(e. g., the miRNAs disclosed in Table 6 of U. S. Patent 8,334,430 or the siRNAs disclosed in U. S.
Patent 9,139,838, both incorporated herein by reference); this results in expression of the edited
herbicide-tolerant enzyme being restricted to tissues other than those in which the siRNA or miRNA
is endogenously expressed, and those tissues in which the siRNA or miRNA is expressed will not be
resistant to herbicide application; this approach is useful, e. g., to provide male-sterile or female-
sterile plants. Although the details provided here are specific to Cre recombinase and loxP (and lox
variant) sites, the methods and compositions described herein are generally applicable to other
recombinases and their corresponding recombinase recognition site sequences, such as, but not
limited to, FLP recombinase and fit recombinase recognition site sequences, R recombinase and Rs
recombinase recognition site sequences, Dre recombinase and rox recombinase recognition site

sequences, and Gin recombinase and gix recombinase recognition site sequences.

Example 25

[0310] This example describes the preparation of reagents to create novel diversity in a region of
the genome where low recombination frequency has prevented plant breeders from being able to
select for novel alleles.

[0311] The gene selected is SHAT1-5 (see www . uniprot.org/uniprot/ W8E7P1), a major
domestication gene in soybean responsible for the reduced pod shattering that is required for
harvestability (DOI: 10.1038/ncomms4352). The selective sweep and apparent low rate of
recombination at this locus has resulted in no detectable genetic diversity across a 116kb region of
Glycine max chromosome 16 including 5 genes. As such, breeders have not been able to select
different alleles of SHAT1-5 or diverse alleles for the surrounding 5 genes.

[0312] Soybean hypocotyl protoplasts were isolated as described in Example 1. One milliliter of
protoplasts (2 x 10"5 cells per milliliter) was added to each reaction tube. Ribonucleoproteins (RNPs)
were prepared by mixing 5 microliters (50 micrograms) Cas9 nuclease (Aldevron, Fargo, ND) and 30
microliters of one of the three guide RNA complexes, incubating the mixtures for 5 minutes at room
temperature. Editing experiments were carried out with either RNP solutions or RNP solutions and
50 microliters of SHAT1-repressor double-stranded DNA donor molecule, with sufficient buffer
added if necessary to make up a total volume of 86 microliters; 2 microliters (20 micrograms) of
salmon sperm DNA (VWR Cat. No.: 95037-160) was added to each tube except for the null control.
Soybean protoplasts treated with no nuclease, no guide RNA complex, no salmon sperm DNA, and no
polynucleotide donor molecule served as a null control. To each tube was added 1.1 milliliters of
40% PEG; the reaction mixtures were mixed gently by tapping and incubated 5 minutes at room

temperature. The reactions were stopped by adding 5 milliliters of washing buffer (0.6 molar
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mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCl) to each tube and mixed gently by
inverting the tube. The tubes were centrifuged 2 minutes at 1200 rpm and the supernatant was then
removed. The protoplasts were resuspended in 6 milliliters incubation buffer (see Example 2)
including the herbicide 2, 4-dichlorophenoxyacetic acid (“2,4-D”) with 50 millimolar CaCl; added)
solution. Cells from each tube were plated in 10 x 10 cm dishes (all pre-coated with 5% calf serum).
The plate and dishes were sealed with Parafilm M® film (Bemis, Oshkosh, WI), incubated 1 hour at
37 degrees Celsius, and then incubated an additional 47 hours at 26 degrees Celsius in the dark.
Forty-eight hours after transfection, cells were harvested for analysis.
[0313] A partial genomic sequence of SHATI-5 is provided as SEQ ID NO:391. A SHATI-
repressor nucleotide sequence encoded by a polynucleotide (such as a double-stranded DNA, a single-
stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor
molecule having the sequence
ATTAAAAAAATAAATAAGATATTATTAAAAAAATAAATAAGATATTATTAAAAAAATAA
ATAAGATATT ATTAAAAAAATAAATAAGATATT (SEQ ID NO:377) is designed for insertion
at a double-strand break effected between nucleotides at positions 103/104, 274/275, or 359/360 of
SEQ ID NO:391 (see Table 23; insertion is in between the underlined nucleotides) in order to reduce
the expression of SHATI1-5 gene. The nucleotides targeted by each of the three different SHAT1-5
c¢rRNAs are shown in bold italic in SEQ ID NO:391 (Table 23); the crRNA sequences are provided
as SEQ ID NOs:421, 422, 423 (see Table 24). The three different guide RNAs were prepared as
described in Example 2 using crRNAs with the sequences provided in Table 24 complexed with a
tracrRNA to form the gRNA (crRNA :tracrRNA) complex; the targetted nucleotide sequence is
SHATI1-5 (SEQ ID NO:391). Integration of the SHAT1-5 repressor sequence was carried out using
procedures similar to those described in Examples 5 and 10. Both the crRNAs and tracrRNA were
purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes
were then prepared as described in Example 2 using the gRNAs and Cas9 nuclease (Aldevron, Fargo,
ND).
[0314] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the SHAT1-5 gene. Results (mean of triplicates, standard
deviation) are provided in Table D, with relative gene expression levels normalized to tubulin. The
data show that use of a single RNP with repressor oligo donor molecule (i. €., providing a DSB at a
single precise locus in the SHATI1-5 gene), either SEQ ID NO:421 or SEQ ID NO:423, was
sufficient to knock down SHAT1-5 expression by about 77% to 88%.

Table D

SHATI1-5

Treatment - -
Relative expression SD

Null control (no RNP) 1 0.01
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SHATI1-5 Guide 1 (SEQ ID NO:421) 1.11 0.05
SHATI1-5 Guide 1 + Repressor 0.23 0.03
SHATI1-5 Guide 2 (SEQ ID NO:422) 0.92 0.05
SHATI1-5 Guide 2 + Repressor 0.85 0.06
SHATI1-5_Guide 3 (SEQ ID NO:423) 1.1 0.08
SHATI1-5 Guide 3 + Repressor 0.12 0.05
Example 26
[0315] This example describes the modification of three genes in a maize plant cell to provide

increased nitrogen use efficiency (NUE).

[0316] Maize protoplasts are prepared as described in Example 1. Preparation of reagents, gene
editing procedures, and detection of gene modifications are carried out using procedures similar to
those described in Examples 20-23.

[0317] An increase in expression of NRT2.2 (Zm00001d054060) is predicted to increase
nitrogen use efficiency. A partial genomic sequence of NRT2.2 is provided as SEQ ID NO:381. A
nitrogen responsive element sequence encoded by a polynucleotide (such as a double-stranded DNA,
a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
is inserted upstream of the transcription start site (TSS) of the NRT2.2 coding region at a double-
strand break effected between nucleotides at positions 101/102 of SEQ ID NO:381 in order to
enhance the expression of NRT2.2. The nitrogen responsive element (AtNRE, see Examples 15, 20,
and 23) is encoded by a 43 base-pair chemically modified dsDNA (Integrated DNA Technologies,
Coralville, IA) having a first strand with the sequence of SEQ ID NO:349 anncaled to a second
strand with the sequence of SEQ ID NO:350; cach strand was phosphorylated on the 5° end and
contained two phosphorothioate linkages at each terminus (7. e., the two linkages between the most
distal three bases on ¢ither end of the strand). A NRT2.2 crRNA with the sequence of SEQ ID
NO:397 is designed to target the nucleotides shown in bold italic in SEQ ID NO:381 (Table 23); the
c¢rRNA and tracrRNA are purchased from Integrated DNA Technologies, Coralville, TA.
Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease
(Aldevron, Fargo, ND). Integration of the NRE sequence into the NRT2.2 gene is carried out using
procedures similar to those described in Examples 20 — 23.

[0318] An increase in expression of NRT2.2 and GLN1.4 (Zm00001d051804) simultaneously is
predicted to further increase nitrogen use efficiency. A partial genomic sequence of GLN1.4 is
provided as SEQ ID NQO:382. A nitrogen responsive element sequence encoded by a polynucleotide
(such as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a
double-stranded DNA/RNA hybrid) donor molecule is inserted upstream of the transcription start site
(TSS) of the GLN1 4 coding region at a double-strand break effected between nucleotides at positions
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115/116 of SEQ ID NO:382 in order to enhance the expression of GLN1.4. The NRE is provided as
a 43 base-pair chemically modified dsDNA (Integrated DNA Technologies, Coralville, IA) having a
first strand with the sequence of SEQ ID NO:349 annealed to a second strand with the sequence of
SEQ ID NO:350; cach strand was phosphorylated on the 5° end and contained two phosphorothioate
linkages at each terminus (i. e., the two linkages between the most distal three bases on either end of
the strand). A GLNI1.4 crRNA with the sequence of SEQ ID NO:398 is designed to target the
nucleotide shown in bold italic in SEQ ID NO:382 (Table 23); the crRNA and tracrRNA are
purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes
are prepared using gRNA (crRNA:tracrRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration
of the NRE sequence into the GLN1.4 gene is carried out using procedures similar to those described
in Examples 20 — 23.

[0319] An increase in expression of NRT2.2, GLN1.4, and Dofl (Zm00001d031278)
simultaneously is predicted to even further increase nitrogen use efficiency. A partial genomic
sequence of Dofl is provided as SEQ ID NO:383. Constitutive overexpression of Dofl has been
shown to result in increased photosynthesis under low nitrate conditions in rice (DOI: 10.1111/5.1467-
7652.2011.00592 x). In this embodiment the expression of Dofl is modified to be constitutively
expressed by inserting a constitutive enhancer sequence. A maize OCS homologue (see Examples 14
and 23) encoded by a chemically modified single-stranded DNA with the sequence of SEQ ID
NO:343 (Integrated DNA Technologies, Coralville, IA), phosphorylated on the 5° end and containing
two phosphorothioate linkages at each terminus (i. e., the two linkages between the most distal three
bases on either end of the strand), is designed for insertion upstream of the transcription start site
(TSS) of the Dofl coding region at a double-strand break effected between nucleotides at positions
101/102 of SEQ ID NO:383 in order to enhance the expression of Dofl. A Dofl crRNA with the
sequence of SEQ ID NO:399 is designed to target the nucleotides shown in bold italic in SEQ ID
NO:383 (Table 23); crRNA and tracrRNA are purchased from Integrated DNA Technologies,
Coralville, IA. Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA :tractRNA)
and Cas9 nuclease (Aldevron, Fargo, ND). Integration of the maize OCS homologue sequence into
the Dofl gene is carried out using procedures similar to those described in Examples 20 — 23.

[0320] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor
sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.
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Example 27

[0321] This example describes the modification of four genes in a maize plant cell to provide
increased NUE and to create higher yield through increased kernel number. In this example the proxy
assay for increased kernel number is increased expression of the gene Wuschel, which has been
shown to be connected to kernel row number (see, e. g., doi:10.1038/ng.3567).

[0322] An increase in expression of NRT2.2 (Zm00001d054060) is predicted to increase
nitrogen use efficiency. A partial genomic sequence of NRT2.2 is provided as SEQ ID NO:381. A
nitrogen responsive element sequence encoded by a polynucleotide (such as a double-stranded DNA,
a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
is inserted at a double-strand break effected between nucleotides at positions 101/102 of SEQ ID
NO:381 in order to enhance the expression of NRT2.2. The nitrogen responsive element (AtNRE,
see Examples 15, 20, and 23) is encoded by a 43 base-pair chemically modified dsDNA (Integrated
DNA Technologies, Coralville, IA) having a first strand with the sequence of SEQ ID NO:349
annealed to a second strand with the sequence of SEQ ID NQ:350; each strand was phosphorylated
on the 5 end and contained two phosphorothioate linkages at each terminus (i. e., the two linkages
between the most distal three bases on either end of the strand). A NRT2.2 crRNA with the sequence
of SEQ ID NO:397 is designed to target the nucleotides shown in bold italic in SEQ ID NO:381
(Table 23); the crRNA and tracrRNA are purchased from Integrated DNA Technologies, Coralville,
IA. Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tracrRNA) and Cas9
nuclease (Aldevron, Fargo, ND). Integration of the NRE sequence into the NRT2.2 gene is carried
out using procedures similar to those described in Examples 20 — 23,

[0323] An increase in expression of NRT2.2 and GLN1.4 (Zm00001d051804) simultaneously is
predicted to further increase nitrogen use efficiency. A partial genomic sequence of GLN1.4 is
provided as SEQ ID NQO:382. A nitrogen responsive element sequence encoded by a polynucleotide
(such as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a
double-stranded DNA/RNA hybrid) donor molecule is inserted at a double-strand break effected
between nucleotides at positions 115/116 of SEQ ID NO:382 in order to enhance the expression of
GLN1.4. The NRE is provided as a 43 base-pair chemically modified dsDNA (Integrated DNA
Technologies, Coralville, IA) having a first strand with the sequence of SEQ ID NO:349 anncaled to
a second strand with the sequence of SEQ ID NO:350; cach strand was phosphorylated on the 5° end
and contained two phosphorothioate linkages at each terminus (i. e., the two linkages between the
most distal three bases on either end of the strand). A GLN1.4 crRNA with the sequence of SEQ ID
NO:398 is designed to target the nucleotide shown in bold italic in SEQ ID NO:382 (Table 23); the
crRNA and tractTRNA are purchased from Integrated DNA Technologies, Coralville, IA.
Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease
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(Aldevron, Fargo, ND). Integration of the NRE sequence into the GLN1 .4 gene is carried out using
procedures similar to those described in Examples 20 — 23.

[0324] An increase in expression of NRT2.2, GLN1.4, and Dofl (Zm00001d031278)
simultaneously is predicted to even further increase nitrogen use efficiency. A partial genomic
sequence of Dofl is provided as SEQ ID NO:383. Constitutive overexpression of Dofl has been
shown to result in increased photosynthesis under low nitrate conditions in rice (see, e. g., DOIL:
10.1111/.1467-7652.2011.00592 x). In this embodiment the expression of Dofl is modified to be
constitutively expressed by inserting a constitutive enhancer sequence. A maize OCS homologue (see
Examples 14 and 23) encoded by a chemically modified single-stranded DNA with the sequence of
SEQ ID NO:343 (Integrated DNA Technologies, Coralville, IA), phosphorylated on the 5° end and
containing two phosphorothioate linkages at each terminus (7. e., the two linkages between the most
distal three bases on either end of the strand), is designed for insertion at a double-strand break
effected between nucleotides at positions 101/102 of SEQ ID NO:383 in order to enhance the
expression of Dofl. A Dofl crRNA with the sequence of SEQ ID NO:399 is designed to target the
nucleotides shown in bold italic in SEQ ID NQO:383 (Table 23); crRNA and tracrRNA are purchased
from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes are
prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration of
the maize OCS homologue sequence into the Dofl gene is carried out using procedures similar to
those described in Examples 20 — 23.

[0325] An increase in expression of NRT2.2, GLN1.4, and Dofl and a decrease in expression of
FEA3 (Zm00001d040130), a putative Leucine Rich Repeat (LRR) Receptor-like protein, is predicted
to provide an increase in the expression of Wuschel and other meristem-promoting genes, resulting in
an overall increase in meristem size and ultimately in increased yield (see, e. g.,
doi:10.1038/ng.3567). A partial genomic sequence of FEA3 including 3” untranslated region (3°
UTR) is provided as SEQ ID NO:386. An mRNA destabilizing element oligonucleotide having the
sequence TTATTTATTTTATTTATTTTATTTATTTTATTTATT (SEQ ID NO:378) and encoded

by a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule is designed for insertion
in the 3° UTR of FEA3 at a double-strand break effected between nucleotides at positions 25/26,
143/144, or 263/264 of SEQ ID NO:386 (scc Table 23) in order to reduce the expression of FEA3
gene. The nucleotides targeted by each of the three different FEA3 crRNAs are shown in bold italic
in SEQ ID NO:386 in Table 23; the crRNA squences are provided as SEQ ID NOs:402, 403, 404
(sce Table 24). All crRNAs and tracrRNA are purchased from Integrated DNA Technologies,
Coralville, IA. Ribonucleoprotein (RNP) complexes are prepared using guide RNAs

(crRNA tracrRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Insertion of the mRNA destabilizing
element into the 3” untranslated region of the FEA3 gene is carried out using procedures similar to

those described in Examples 20 - 23.
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[0326] Maize B73 nitrate-free protoplasts were prepared as described in Example 20. .
Preparation of reagents, gene editing procedures, and detection of gene modifications are carried out
using procedures similar to those described in Examples 20 — 23.

[0327] The protoplasts were transfected with two ribonucleoproteins (RNPs) targeting NRT2 2
and GLN1 .4 and the double-stranded DNA AtNRE donor molecule on Day One. On Day Two (18
hours after initial transfection), the plated cells were harvested and transfected with the RNP targeting
Dof1 and the double-stranded DNA OCS donor molecule. The transfected cells were suspended in 6
milliliters of nitrate free medium and incubated 1 hour at 37 degrees Celsius, and then incubated an
additional 6 hours at 26 degrees Celsius in the dark. The cells were then harvested and transfected
with RNP (crRNA: FEA3-3'UTR-1 SEQ ID NQO:402) targeting FEA3 and the double-stranded DNA
Destabilizer donor molecule. The transfected cells were suspended in 6 milliliters of nitrate-free
medium and incubated 1 hour at 37 degrees Celsius, and then incubated at 26 degrees Celsius in the
dark. The cells were collected after a total of 48 hours post initial transfection and split to two sets for
treatments with 10 mM KNOs or 10 mM KCI for 30 minutes. The cells were then harvested for
analysis.

[0328] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the NRT2.2, GLN1.4, Dofl, FEA3 and FEA3 targeting gene WUS
genes. Results (mean of triplicates, standard deviation) are provided in Tables E, F, G, H, and 1

respectively, with relative gene expression levels normalized to actin.

Table E. Relative Expression of NRT2.2

KCl KNO;
Editing treatment i i
g Relatl\fe SD Relatl\fe SD
Expression Expression
Null control (no RNP) 1.01 0.15 4.06 0.27
RNPs (NRT2.2, GLN1.4, Dofl and FEA3) 1.73 0.03 34 02
RNPs + Donor oligos
(AtNRE, OCS and Destabilizer) 1.25 0.24 9-33 0.37
Table F. Relative Expression of GLN1.4
KCl1 KNO;
Editing treatment Relative Relative
. SD . SD
Expression Expression
Null control (no RNP) 1 0.03 3.57 0.22
RNPs (NRT2.2, GLN1.4, Dofl and FEA3) 1.9 0.1 3.66 0.03
RNPs + Donor ollgos‘ (AtNRE, OCS and 133 0.06 918 0.63
Destabilizer)

Table G. Relative Expression of Dof1

Editing treatment KCl KNO;
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Relatl\fe SD Relatl\fe SD
Expression Expression
Null control (no RNP) 1 0.01 3.68 0.54
RNPs (NRT2.2, GLN1.4, Dofl and FEA3) 2.2 0.12 251 04
RNPs + Donor ollgos‘ (AtNRE, OCS and 161 03 13.9 139
Destabilizer)
Table H. Relative Expression of FEA3
KCl1 KNO;
Editing treatment Relative Relative
. SD . SD
Expression Expression
Null control (no RNP) 1 0.07 1.37 0.05
RNPs (NRT2.2, GLN1.4, Dofl and FEA3) 2.13 0.32 1.81 0.04
RNPs + Donor ollgos‘ (AtNRE, OCS and 0.68 0.01 067 0.04
Destabilizer)
Table 1. Relative Expression of WUS
KCl1 KNO;
Editing treatment Relative Relative
. SD . SD
Expression Expression
Null control (no RNP) 1.16 0.67 1.66 0.13
RNPs (NRT2.2, GLN1.4, Dofl and FEA3) 1.36 0.18 1.33 0.09
RNPs + Donor ollg0§ (AtNRE, OCS and 6 0.09 6.63 012
Destabilizer)

[0329]

In a non-limiting embodiment, donor polynucleotide sequences were designed for

integration at a double-strand break (DSB) in the 3 untranslated region (3° UTR) of the maize Fea3

gene (GRMZM2G166524 Fea3 (see

www]|dot]maizegdb[dot]org/gene center/gene/GRMZM2G166524). an Arabidopsis destabilizer

having the sequence AATTTTAATTTTAATTTTAATTTTAATTTTAATTTT (SEQ ID NO:510,

provided as ssDNA), a mammalian mRNA destabilizer having the sequence
TTATTTATTTTATTTATTTTATTTATTTTATTTATT (SEQ ID NO:511, provided as a dsDNA),
and a stabilizer having the sequence TCTCTTTCTCTTTCTCTTTCTCTTTCTCTTTCTCTT (SEQ
ID NO:512, provided as ssDNA). Guide RNAs designed to effect a DSB in the 3° UTR of the maize
Fea3 gene had the sequences UGGAUAGGGUAGCUUCUCCGGUUUUAGAGCUAUGCU (guide
Fea3-1, SEQ ID NO:513), CCAUCGUCAGAUGGUGACGGGUUUUAGAGCUAUGCU (guide
Fea3-2, SEQ ID NO:514), and GCAGGUUCAGAAGAAGAACAGUUUUAGAGCUAUGCU
(guide Fea3-3, SEQ ID NO:515).

[0330]

Integration of either the 3xDRS5 donor polynucleotide sequence (as dsDNA or as ssDNA)
or the G-box donor polynucleotide sequence at the DSB located 272 nucleotides 5 to the ZmLc
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gene’s TSS was performed using protocols similar to those described in other Examples (e. g.,
Example 57). After the PEG-mediated transfection and wash steps, the protoplast pellet was
resuspended in 4 milliliters of PIM containing 50mM calcium chloride. For gDNA isolation for T7
and qPCR assays, 1 milliliter of the suspension was plated on a 6-well plate coated with 5% calf
serum; for RNA analysis, 3 milliliters of the suspension were plated onto a 10-centimeter plate coated
with 5% calf serum containing 3 milliliters of PIM containing 50mM calcium chloride. The dishes
were sealed with Parafilm M® film (Bemis, Oshkosh, WI), incubated 30 minutes at 37 degrees
Celsius, and then incubated an additional 47 hours at 26 degrees Celsius in the dark, after which the
cells were harvested for analysis. Analysis employed a T7E1 assay to confirm the predicted cleavage
and qPCR analysis of both maize Fea3 and WUS1 (GRMZM2G047448 Wusl) genes (normalized to
tubulin) to quantify editing efficiency as described in the preceding Examples. The qPCR results for
the destabilizer elements are provided in Table J; data were not collected for the stabilizer element.
These results demonstrate that integration of either of the destabilizer sequences into the Fea3 3° UTR
results in a decrease in Fea3 expression, and a corresponding increase in Wusl1 expression. Thus,
incorporation of at least one donor polynucleotide sequence at a DSB located within one target gene
(Zm-Fea3) effected a change in expression in both that target gene and in a second, different gene

(Zm-Wusl) that interacts with the target gene.

Table J
Donor Fea3 Wusl
- polynucleotide - -

Guide Expression SD Expression SD

Fea3-1 Arabidopsis 0.15 0.03 3.52 041
destabilizer

Fea3-1 Mammalian 0.39 0.02 227 0.26
destabilizer

Fea3-1 none 1.22 0.07 0.66 0.06

Fea3-2 Arabidopsis 0.81 0.11 1.20 0.09
destabilizer

Fea3-2 Mammalian 1.43 0.05 1.07 0.10
destabilizer

Fea3-2 none 1.10 0.07 1.47 0.09

Fea3-3 Arabidopsis 0.68 0.05 1.02 0.11
destabilizer

Fea3-3 Mammalian 0.60 0.17 1.60 0.17
destabilizer

Fea3-3 Nothing 1.11 0.13 1.12 0.27

none Null control 1.01 0.19 1.01 0.19

(no RNP)
[0331] Additional experiments can be carried out with the same editing reagents in a plant/plant

tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same

polynucleotide donor to target different genes. For insertion of different polynucleotide donor
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sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 28

[0332] This example illustrates a method of providing a plant cell having a modified phenotype,
the method including introducing double-strand breaks (DSBs) into multiple loci or into multiple
genes, and integrating at the DSBs at least three different nucleotide sequences encoded by a
polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a single-stranded
DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule, and generating loss-of-
function alleles by deletion of genome sequences between at least two DSBs. In this non-limiting
example, multiple genomic modifications (“multiplexed edits”) are effected in a maize cell by using
multiple ribonucleoproteins (RNPs), each including a nuclease and a guide RNA (gRNA) and three
different nucleotide sequences.

[0333] This example describes the modification of six genes in maize protoplast cells to provide
increased nitrogen use efficiency, increased kernel number, elevated glyphosate tolerance in the plant
cell, and broad spectrum disease resistance.

[0334] Maize protoplasts are prepared as described in Example 1. Preparation of reagents, gene
editing procedures, and detection of gene modifications are carried out using procedures similar to
those described in Examples 20 — 23.

[0335] An increase in expression of NRT2.2 (Zm00001d054060) is predicted to increase
nitrogen use efficiency. A partial genomic sequence of NRT2.2 is provided as SEQ ID NO:381. A
nitrogen responsive element sequence encoded by a polynucleotide (such as a double-stranded DNA,
a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid)
is inserted at a double-strand break effected between nucleotides at positions 101/102 of SEQ ID
NO:381 in order to enhance the expression of NRT2.2. The nitrogen responsive element (AtNRE,
see Examples 15, 20, and 23) is encoded by a 43 base-pair chemically modified dsDNA (Integrated
DNA Technologies, Coralville, IA) having a first strand with the sequence of SEQ ID NO:349
annealed to a second strand with the sequence of SEQ ID NQ:350; each strand was phosphorylated
on the 5 end and contained two phosphorothioate linkages at each terminus (i. e., the two linkages
between the most distal three bases on either end of the strand). A NRT2.2 crRNA with the sequence
of SEQ ID NO:397 is designed to target the nucleotides shown in bold italic in SEQ ID NO:381
(Table 23); the crRNA and tracrRNA are purchased from Integrated DNA Technologies, Coralville,
IA. Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tracrRNA) and Cas9

176



WO 2018/140899 PCT/US2018/015793

nuclease (Aldevron, Fargo, ND). Integration of the NRE sequence into the NRT2.2 gene is carried
out using procedures similar to those described in Examples 20 — 23,

[0336] An increase in expression of NRT2.2 and GLN1.4 (Zm00001d051804) simultaneously is
predicted to further increase nitrogen use efficiency. A partial genomic sequence of GLN1.4 is
provided as SEQ ID NQO:382. A nitrogen responsive element sequence encoded by a polynucleotide
(such as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a
double-stranded DNA/RNA hybrid) donor molecule is inserted at a double-strand break effected
between nucleotides at positions 115/116 of SEQ ID NO:382 in order to enhance the expression of
GLN1.4. The NRE is provided as a 43 base-pair chemically modified dsDNA (Integrated DNA
Technologies, Coralville, IA) having a first strand with the sequence of SEQ ID NO:349 anncaled to
a second strand with the sequence of SEQ ID NO:350; cach strand was phosphorylated on the 5° end
and contained two phosphorothioate linkages at each terminus (i. e., the two linkages between the
most distal three bases on either end of the strand). A GLN1.4 crRNA with the sequence of SEQ ID
NO:398 is designed to target the nucleotide shown in bold italic in SEQ ID NO:382 (Table 23); the
crRNA and tractTRNA are purchased from Integrated DNA Technologies, Coralville, IA.
Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease
(Aldevron, Fargo, ND). Integration of the NRE sequence into the GLN1 .4 gene is carried out using
procedures similar to those described in Examples 20 — 23.

[0337] An increase in expression of NRT2.2, GLN1.4, and Dofl (Zm00001d031278)
simultaneously is predicted to even further increase nitrogen use efficiency. A partial genomic
sequence of Dofl is provided as SEQ ID NO:383. Constitutive overexpression of Dofl has been
shown to result in increased photosynthesis under low nitrate conditions in rice (see, e. g., DOIL:
10.1111/.1467-7652.2011.00592 x). In this embodiment the expression of Dofl is modified to be
constitutively expressed by inserting a constitutive enhancer sequence. A maize OCS homologue (see
Examples 14 and 23) encoded by a chemically modified single-stranded DNA with the sequence of
SEQ ID NO:343 (Integrated DNA Technologies, Coralville, IA), phosphorylated on the 5° end and
containing two phosphorothioate linkages at each terminus (7. e., the two linkages between the most
distal three bases on either end of the strand) is designed for insertion at a double-strand break
effected between nucleotides at positions 101/102 of SEQ ID NO:383 in order to enhance the
expression of Dofl. A Dofl crRNA with sequence of SEQ ID NO:399 is designed to target the
nucleotides shown in bold italic in SEQ ID NQO:383 (Table 23); crRNA and tracrRNA are purchased
from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes are
prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration of
the maize OCS homologue sequence into the Dofl gene is carried out using procedures similar to
those described in Examples 20 — 23.

[0338] An increase in expression of NRT2.2, GLN1.4, and Dof1 and a loss of function allele of
FEA3 (Zm00001d040130), a putative Leucine Rich Repeat (LRR) Receptor-like protein, is expected
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to provide an increase in the expression of Wuschel and other meristem-promoting genes, resulting in
an overall increase in meristem size and ultimately in increased kernel row numbers (see, e. g.,
doi:10.1038/ng.3567). A partial genomic sequence of FEA3 is provided as SEQ ID NO:387. Two
ribonucleoproteins (RNPs), each including a nuclease and a guide RNA (gRNA) are designed to
effect double-strand breaks between nucleotides at positions 115/116 and 207/208 of SEQ ID
NO:387 (see Table 23), resulting in deletion of genomic sequence of FEA3 gene between the two
guide targeting regions and effectively knocking out expression of a functional FEA3 protein. The
nucleotides targeted by each of the two FEA3 crRNAs are shown in bold italic in SEQ ID NO:387 in
Table 23; the crRNA squences are provided as SEQ ID NQOs:405 and 406 (sce Table 24). All
c¢rRNAs and tracrRNA are purchased from Integrated DNA Technologies, Coralville, TA.
Ribonucleoprotein (RNP) complexes are prepared using guide RNAs (crRNA:tracrRNA) and Cas9
nuclease (Aldevron, Fargo, ND). Functional knock-out by partial sequence deletion of the FEA3 gene
is carried out using procedures similar to those described in Examples 20 — 23,

[0339] An increase in the expression of the maize enolpyruvylshikimate phosphate synthase 1
(EPSPS, Zm00001d045450) is predicted to be required in order to deliver a plant with commercial-
level glyphosate tolerance with no growth or performance drag. A partial genomic sequence of
EPSPS is provided as SEQ ID NO:384. In this embodiment, the expression of the endogenous
EPSPS is modified to be constitutively expressed by inserting a constitutive enhancer sequence. A
maize OCS homologue (see Examples 14 and 23) encoded by a chemically modified single-stranded
DNA with the sequence of SEQ ID NO:343 (Integrated DNA Technologies, Coralville, IA),
phosphorylated on the 5° end and containing two phosphorothioate linkages at each terminus (i. e., the
two linkages between the most distal three bases on either end of the strand) is designed for insertion
at a double-strand break effected between nucleotides at positions 101/102 of SEQ ID NO:384 in
order to provide constitutively increased expression of EPSPS. An EPSPS crRNA with sequence of
SEQ ID NO:400 is designed to target the nucleotides shown in bold italic in SEQ ID NO:384 (Table
23); crRNA and tracrRNA are purchased from Integrated DNA Technologies, Coralville, TA.
Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease
(Aldevron, Fargo, ND). Integration of the maize OCS homologue sequence into the EPSPS gene is
carried out using procedures similar to those described in Examples 20 — 23,

[0340] An increase in the expression of NPR1 (Zm00001d012660) is predicted to increase
discase resistance (see, e. g., doi: 10.1094/MPMI-21-9-1215). However, constitutive overexpression
results in a significant fitness cost (see, e. g., doi.org/10.1016/] plantsci.2016.06.005). It is predicted
that this undesirable fitness drag will be mitigated by modifying the endogenous NPR1 gene by
inserting an upstream ORF (uORF) into the 5°UTR, which will reduce the translation efficiency of the
target gene (and hence the fitness drag) in the absence of a pathogen. A partial sequence of NPRI1 is
provided as SEQ ID NO:385. A uORF sequence encoded by a chemically modified single-stranded
DNA with the sequence of SEQ ID NQ:379, phosphorylated on the 5° end and containing two
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phosphorothioate linkages at each terminus (7. e., the two linkages between the most distal three bases
on ¢ither end of the strand), is designed for insertion at a double-strand break effected between
nucleotides at positions 101/102 of SEQ ID NO:385 (sec Table 23) in order to modulate the
expression of NPR1. The nucleotides targeted by the NPR1 crRNA are shown in bold italic in Table
23. The crRNA sequence is provided as SEQ ID NO:401 (sce Table 24). All crRNA and tracrRNA
are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP)
complexes are prepared using guide RNAs (crRNA:tractrRNA) and Cas9 nuclease (Aldevron, Fargo,
ND). Integration of the uORF sequence into the NPR1 gene is carried out using procedures similar to
those described in Examples 20 — 23.

[0341] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor
sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 29

[0342] This example describes the preparation of reagents for the modification of three genes in
a soybean plant cell to provide increased nitrogen use efficiency.

[0343] Soybean protoplasts are prepared as described in Example 1. Preparation of reagents,
gene editing procedures, and detection of gene modifications are carried out using procedures similar
to those described in Examples 5 and 10.

[0344] An increase in expression of NRT (GLYMA 12G078900) is predicted to increase
nitrogen use efficiency (NUE). The sequence of NRT is shown as SEQ ID NQO:388. Similar to the
previous examples, a nitrogen-responsive element (NRE) sequence having the sequence of SEQ ID
NO:350 and encoded by a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a
single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule is
designed for insertion at a double-strand break effected between nucleotides at positions 101/102,
303/304, and 446/447 of SEQ ID NO:388 in order to enhance the expression of NRT. Three NRT
crRNAs are designed to target the nucleotides shown in bold italic in SEQ ID NQ:388 (see Table 23)
and have the sequences of SEQ ID NOs:407, 408, and 409 (sce Table 24). All crRNAs and
tractrRNA are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein
(RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo,
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ND). Integration of the NRE sequence in the NRT gene is carried out using procedures similar to
those described in Examples 5 and 10.

[0345] An increase in expression of NRT and NRT2 (Glymal3g39850.1) simultaneously is
predicted to further increase nitrogen use efficiency (NUE). A partial genomic sequence of NRT2 is
provided as SEQ ID NQO:389, a nitrogen-responsive element (NRE) sequence having the sequence of
SEQ ID NO:350 and encoded by a polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
is designed for insertion at a double-strand break effected between nucleotides at positions 101/102,
195/196, and 374/375 of SEQ ID NO:389 in order to enhance the expression of NRT2. Three NRT2
crRNAs are designed to target the nucleotides shown in bold italic in SEQ ID NQ:389 (see Table 23)
and have the sequences of SEQ ID NOs:410, 411, and 412 (sce Table 24). All crRNAs and
tractrRNA are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein
(RNP) complexes are prepared using gRNA (crRNA:tractrRNA) and Cas9 nuclease (Aldevron, Fargo,
ND). Integration of the NRE sequence in the NRT gene is carried out using procedures similar to
those described in Examples 5 and 10.

[0346] An increase in expression of NRT, NRT2 and glutamine synthase (GS,
Glyma.07G104500) simultaneously can even further increase nitrogen use efficiency (NUE).
Constitutive overexpression of GS has been shown to result in increased photosynthesis under low
nitrate conditions (see, e. g., doi: 10.1104/pp.020013). In this example, the expression of GS is
constitutively increased by inserting a constitutive enhancer sequence. A partial genomic sequence of
GS is provided as SEQ ID NO:395. A maize OCS homologue (see Examples 14 and 23) encoded by
a chemically modified single-stranded DNA with the sequence of SEQ ID NO:343 (Integrated DNA
Technologies, Coralville, IA), phosphorylated on the 5° end and containing two phosphorothioate
linkages at each terminus (7.e., the two linkages between the most distal three bases on either end of
the strand) is designed for insertion at a double-strand break effected between nucleotides at positions
103/104, 193/194, and 331/332 of SEQ ID NO: 395 in order to provide constitutively increased
expression of GS. A GS crRNA is designed to target the nucleotides shown in bold italic in SEQ ID
NQO:395 (Table 23) and has the sequences of SEQ ID NO:413, 414, and 415. The crRNA and
tracrRNA are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein
(RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo,
ND). Integration of the OCS homologue sequence in the GS gene is carried out using procedures
similar to those described in Examples 5 and 10.

[0347] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor

sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
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combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 30
[0348] It is predicted that modification of NRT, NRT2, and GS in soybean will result in soybean

cells with increased nitrogen use efficiency (NUE), and, further that the additional modification of
FT2a will result in early flowering, higher yielding soybean plants (see, e. g., U.S. Patent Application
Publication 20160304891 A1, incorporated herein by reference).

[0349] Soybean protoplasts are prepared as described in Example 1. Preparation of reagents and
detection of gene modifications are completed essentially as described in Examples 5 and 10.

[0350] An increase in expression of NRT (GLYMA 12G078900) is predicted to increase
nitrogen use efficiency (NUE). The sequence of NRT is shown as SEQ ID NQO:388. Similar to the
previous examples, a nitrogen-responsive element (NRE) sequence having the sequence of SEQ ID
NO:350 and encoded by a polynucleotide (such as a double-stranded DNA, a single-stranded DNA, a
single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule is
designed for insertion at a double-strand break effected between nucleotides at positions 101/102,
303/304, and 446/447 of SEQ ID NO:388 in order to enhance the expression of NRT. Three NRT
crRNAs are designed to target the nucleotides shown in bold italic in SEQ ID NQ:388 (see Table 23)
and have the sequences of SEQ ID NOs:407, 408, and 409 (sce Table 24). All crRNAs and
tracrRNA are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein
(RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo,
ND). Integration of the NRE sequence in the NRT gene is carried out using procedures similar to
those described in Examples 5 and 10.

[0351] An increase in expression of NRT and NRT2 (Glymal3g39850.1) simultaneously is
predicted to further increase nitrogen use efficiency (NUE). A partial genomic sequence of NRT?2 is
provided as SEQ ID NQO:389, a nitrogen-responsive element (NRE) sequence having the sequence of
SEQ ID NO:350 and encoded by a polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) donor molecule
is designed for insertion at a double-strand break effected between nucleotides at positions 101/102,
195/196, and 374/375 of SEQ ID NO:389 in order to enhance the expression of NRT2. Three NRT2
crRNAs are designed to target the nucleotides shown in bold italic in SEQ ID NQ:389 (see Table 23)
and have the sequences of SEQ ID NOs: 410, 411, and 412 (see Table 24). All crRNAs and
tractrRNA are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein
(RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo,
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ND). Integration of the NRE sequence in the NRT gene is carried out using procedures similar to
those described in Examples 5 and 10.

[0352] An increase in expression of NRT, NRT2 and glutamine synthase (GS,
Glyma.07G104500) simultaneously can even further increase nitrogen use efficiency (NUE).
Constitutive overexpression of GS has been shown to result in increased photosynthesis under low
nitrate conditions (see, e. g., doi: 10.1104/pp.020013). In this example, the expression of GS is
constitutively increased by inserting a constitutive enhancer sequence. A partial genomic sequence of
GS is provided as SEQ ID NO:395. A maize OCS homologue (see Examples 14 and 23) encoded by
a chemically modified single-stranded DNA with the sequence of SEQ ID NO:343 (Integrated DNA
Technologies, Coralville, IA), phosphorylated on the 5° end and containing two phosphorothioate
linkages at each terminus (i. e., the two linkages between the most distal three bases on either end of
the strand) is designed for insertion at a double-strand break effected between nucleotides at positions
103/104, 193/194, and 331/332 of SEQ ID NO: 395 in order to provide constitutively increased
expression of GS. A GS crRNA is designed to target the nucleotides shown in bold italic in SEQ ID
NQO:395 (Table 23) and has the sequences of SEQ ID NO: ID NO:413, 414, and 415. The crRNA
and tractRNA are purchased from Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein
(RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease (Aldevron, Fargo,
ND). Integration of the OCS homologue sequence in the GS gene is carried out using procedures
similar to those described in Examples 5 and 10.

[0353] FT2a (Glyma.16G150700) is the mobile flowering trigger in soybean and an increase in
expression of FT2a is anticipated to trigger flowering. Early flowering is not normally a desirable
phenotype as carly-flowering plants do not maintain high vegetative growth rates, resulting in overall
lower yields. It is predicted that a short burst of FT2a expression will be sufficient to trigger
flowering while allowing the plants to maintain vegetative growth, resulting in an everbearing and
high-yielding phenotype. Thus, in addition to the increased nitrogen utilization efficiency achieved
by modification of NRT, NTR2, and GS, an auxin-inducible element is integrated in the promoter of
the FT2a gene. A partial genomic sequence of FT2a is provided as SEQ ID NO:390. The auxin-
responsive element 3xDRS with the sequence of SEQ ID NO:306 is provided as a polynucleotide (e.
2., as a double-stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a
double-stranded DNA/RNA hybrid) donor molecule for insertion at a double-strand break effected
between nucleotides at positions 115/116, 334/335, and 428/429 of SEQ ID NO:390. A FT2a crRNA
is designed to target the nucleotides shown in bold italic in SEQ ID NQ: 390 (Table 23) and has the
sequences of SEQ ID NQO:416, 417 and 418. The crRNA and tracrRNA are purchased from
Integrated DNA Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes are prepared
using gRNA (crRNA:tracrRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration of the OCS
homologue sequence in the GS gene is carried out using procedures similar to those described in

Examples 5 and 10.
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[0354] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same
polynucleotide donor to target different genes. For insertion of different polynucleotide donor
sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 31
[0355] This example describes additional genomic modifications that further enhance the effects

of the modifications of soybean genes described in Example 30. E1 (Glyma.06G207800.1) is a large
effect flowering time gene in soybean and has been reported to be a repressor of two genes involved
in the induction of flowering, FT2a and FT5a (see, e. g., DOI: https://doi.org/10.1104/pp.15.00763).
It is predicted that by stacking the inducible increased expression of FT2a described in Example 30
with a modest decrease in expression of E1 will result in early flowering with increased yield
outcomes. In this example, a SAUR mRNA destabilizing sequence is integrated in the 3” untranslated
region (3° UTR) of the E1 gene. SAUR destabilizing sequences result in reduced expression due to
increased mRNA degradation (see, e. g., DOI 10.1105/tpc.5.6.701, and U. S. Patent Application
Publication 2007/0011761, incorporated herein by reference). A partial genomic sequence of El is
provided as SEQ ID NO:396. A SAUR mRNA destabilizing element with the sequence of SEQ ID
NO:380 is designed for insertion at a double-strand break effected between nucleotides at positions
117/118 or 152/153 of SEQ ID NO:396. The SAUR destabilizing clement in the form of a single-
stranded DNA molecule, phosphorylated on the 5° end and containing two phosphorothioate linkages
at cach terminus (7. e., the two linkages between the most distal three bases on either end of the
strand) is purchased from Integrated DNA Technologies, Coralville, IA. A E1 ¢crRNA is designed to
target the nucleotides shown in bold italic in SEQ ID NO: 396 (Table 23) and has the sequences of
SEQ ID NO:419 and 420. The E1 crRNA and tracrRNA are purchased from Integrated DNA
Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes are prepared using gRNA

(crRNA tracrRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration of the SAUR destabilizing
element sequence in the 3 UTR of the E1 gene is carried out using procedures similar to those
described in Examples 5 and 10.

[0356] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same

polynucleotide donor to target different genes. For insertion of different polynucleotide donor
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sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 32

[0357] This example describes the preparation of reagents for the modification of three genes in
tomato. It is predicted that the activation of these three genes will result in a tomato that produces
capsaicin, the molecule that gives peppers their spicy taste. Peppers and tomatoes are closely related
and share many genes. The genes involved in the biosynthesis of capsaicin in pepper were used to
identify the homologous genes in tomato. Based on the pepper genome (see: doi:10.1038/ng.2877)
three genes were selected for modification and enhanced expression: capsaicin synthase (CS), BCAT,
and KAS. Putative tomato homologues were identified by BLAST analysis and manual annotation.
[0358] A partial genomic sequence of the tomato capsaicin synthase (CS) gene
(Solyc02g081740.1.1) is provided as SEQ ID NO:392. CS is the last step in the synthesis of
capsaicin. The expression of CS is constitutively increased by inserting an expression enhancing
oligonucleotide in the 5° region of the gene. A maize OCS homologue (see Examples 14 and 23)
encoded by a chemically modified single-stranded DNA with the sequence of SEQ ID NO:343
(Integrated DNA Technologies, Coralville, IA), phosphorylated on the 5° end and containing two
phosphorothioate linkages at each terminus (7. e., the two linkages between the most distal three bases
on ¢ither end of the strand) is designed for insertion at a double-strand break effected between
nucleotides at positions 46/47, 216/217, and 333/334 of SEQ ID NO:392 in order to provide
constitutively increased expression of CS. A CS ¢rRNA is designed to target the nucleotides shown
in bold italic in SEQ ID NO: 392 (Table 23) and has the sequences of SEQ ID NO:424, 425, and
426. The crRNA and tracrRNA are purchased from Integrated DNA Technologies, Coralville, TA.
Ribonucleoprotein (RNP) complexes are prepared using gRNA (crRNA:tractRNA) and Cas9 nuclease
(Aldevron, Fargo, ND). Integration of the OCS homologue sequence in the CS gene is carried out
using procedures similar to those described in Examples 5 and 10.

[0359] The tomato BCAT gene (Solyc07g021630.2.1) has the partial genomic sequence of SEQ
ID NO:393. Expression of BCAT is constitutively increased by inserting an expression enhancing
oligonucleotide in the 5° region of the gene. A maize OCS homologue (see Examples 14 and 23)
encoded by a chemically modified single-stranded DNA with the sequence of SEQ ID NO:343
(Integrated DNA Technologies, Coralville, IA), phosphorylated on the 5° end and containing two
phosphorothioate linkages at each terminus (7. e., the two linkages between the most distal three bases
on ¢ither end of the strand) is designed for insertion at a double-strand break effected between

nucleotides at positions 103/104, 330/331, or 362/363 of SEQ ID NO:393 in order to provide
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constitutively increased expression of BCAT. Three BCAT crRNAs are designed to target the
nucleotides shown in bold italic in SEQ ID NQO: 393 (Table 23) and have the sequences of SEQ ID
NO:427, 428, and 429. The crRNAs and tracrRNA are purchased from Integrated DNA
Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes are prepared using gRNA

(crRNA tracrRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration of the OCS homologue
sequence in the BCAT gene is carried out using procedures similar to those described in Examples 5
and 10.

[0360] The tomato KAS gene (Solyc08g082620.2.1) has the partial genomic sequence of SEQ
ID NO:394. Expression of KAS is constitutively increased by inserting an expression enhancing
oligonucleotide in the 5° region of the gene. A maize OCS homologue (see Examples 14 and 23)
encoded by a chemically modified single-stranded DNA with the sequence of SEQ ID NO:343
(Integrated DNA Technologies, Coralville, IA), phosphorylated on the 5° end and containing two
phosphorothioate linkages at each terminus (7. e., the two linkages between the most distal three bases
on ¢ither end of the strand) is designed for insertion at a double-strand break effected between
nucleotides at positions 103/104, 168/169 or 259/260 of SEQ ID NO:394 in order to provide
constitutively increased expression of KAS. Three BCAT crRNAs are designed to target the
nucleotides shown in bold italic in SEQ ID NQO: 394 (Table 23) and have the sequences of SEQ ID
NO:430, 431, and 432. The crRNAs and tracrRNA are purchased from Integrated DNA
Technologies, Coralville, IA. Ribonucleoprotein (RNP) complexes are prepared using gRNA

(crRNA tracrRNA) and Cas9 nuclease (Aldevron, Fargo, ND). Integration of the OCS homologue
sequence in the KAS gene is carried out using procedures similar to those described in Examples 5
and 10.

[0361] In one embodiment, one or more genomic changes are made in the plant’s genome during
vegetative development; this is useful especially in plants that can be vegetatively propagated (e. g.,
from cuttings), such as tomato and tobacco. Such plants are conveniently grown in soil or in tissue
culture media.

[0362] In this example, tomato meristem microinjection and meristem cell preparation are
described. The apical or axillary meristem of a young plant is surgically exposed and genome editing
reagents are introduced just below the L1 layer, into the L2 layer, of the meristem using a
microinjection apparatus. The injected tissue is allowed to recover, and the resulting newly formed
tissue is examined for the presence of the intended genomic edits. This cycle can be repeated many
times, facilitated by propagating cuttings of the edited plant material from time to time. Modifications
to the plant genome can be monitored by one or more molecular assays. Once the intended changes
are complete, the plant is permitted to flower, is selfed or crossed, and produces seed. The next
generation is examined for the presence and activity of all intended edits.

[0363] The genome editing reagents for this work are selected from DNA, RNA, protein, or a

combination thereof (such as the ribonucleoproteins described elsewhere in this application). The
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reagents are delivered using an appropriate microinjection apparatus in a volume of about 2 to about
20 nanoliters per cell. The editing reagents can be delivered alone or as part of a formulation to aid in
uptake by the targeted meristematic cells. These reagents can include saponin (¢.g., Sigma Cat. No.
47036-50g-F), pectinase, DMSO, Silwet-77, Tween-20, or any other agent that permeabilizes or
otherwise makes penetrable the plant cell wall without compromising the cell’s activity or interfering
with the activity of the editing reagents.

[0364] To introduce editing reagents, the newly formed leaf tissue in the target plant is carefully
removed to expose the meristem without damaging it. The stem is gently, but firmly supported to
counteract the pressure of the microinjection needle. A dissecting or compound microscope with
appropriate optics is used to ensure that the microinjection needle accurately contacts the meristematic
cells (specifically, the L2 cell layer, which gives rise to the germline). Once the meristem cells are
treated, the stem is marked and the plant allowed to recover for several days. It is possible that more
than one meristem per plant can be treated with identical or distinct editing reagents. The recovery
period is long enough for the plant to grow 3 — 5 new leaves from the treated meristem. When
sufficient new leaf tissue is present, a small piece of a newly formed leaf is excised for molecular
analysis.

[0365] Molecular analysis encompasses a variety of assays or tests designed to detect the
presence of the intended genomic modifications. For example, mRNA from the targeted gene(s) can
be amplified by RT-PCR and sequenced to determine if genomic edits are present. Genomic DNA
can be examined by targeted sequence analysis for the presence of the intended genomic
modifications. Leaf tissue can be examined for visual or physical evidence (i. e., a detectable
phenotype) of an intended genomic modification. The time required for evaluation of genomic
modifications allows the plant to further recover from the microinjection and makes it competent for
further genomic editing, if necessary.

[0366] If more genomic edits are required prior to flowering, tissue segments representing edited
material can be vegetatively propagated. Excised plantlets are rooted in fresh soil or tissue culture
media prior to the next editing step. Care is taken to insure the propagated plant is actively growing
(e. g., displays evidence of robust root growth and new leaf formation) before initiating the next
microinjection.

[0367] When genomic editing activities are complete, the plants are grown to reproductive
maturity. If desired further vegetative propagation can be done to produce multiple clones of the
edited plant prior to flowering. This may be desirable to ensure adequate seed production. Plants can
be selfed or crossed as appropriate to produce seed. The resulting seeds are planted and the
germinated seedlings are tested for the presence of the intended edits.

Table 23
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Name

Sequence

SEQID
NO

Category

Zm00001d054
060
NRT2.2

TCCATCCTCGCTCTACCTGCCTGCTGCCA
GTTTCAACTCTCCAAGGTCAACGCCAGC
CCTCGCGCGCTTGGTGTACTCTAGTTTAG
TACACCAATCCGCATGCATTCTTTITTGT
TTGTTTGTTTGTTTGTTTGTTTTGATTGAC
AAATATATGCGGCAGAGTTAAGAACGAA
TCGACTCCGTCGTCTCGGCTAGTCGACC

SEQID
NO:381

DNA;

>

Zea mays

Zm00001d051
804 GLN1.4

AGGGGCTTGACGCCTTACCAGTACGCGG
TGCTCCCTCTTCTCGCACCTACCGCACGG
AGGATATGACCTAATACAATTAATTTAC
GCGGAACTCGAAATGTATCCGTATTTATA
CGTGTGGAACGTACAAGTATACGTATTT
TGTTGGTTTTTTTTTTACTTTTTACCCGGC
TGGACGCCAACCAACTGGTTTCCCGTCCT

SEQID
NO:382

DNA;

>

Zea mays

Zm00001d031
278 Dofl

CGGGCCCACGGGAGGTCGCGTCGATTCG
CAGCAGCGCGCCGCCCCCCTCCCCACCA
CCACGTCAAGCGGCGTGGGCTTCCGCCC
CTCCCTGCCCGCCGLGIGGGCCCCCACTC
GCGTCCTGTAACCGGGATAGCGTGAGCA
CGTCGCTATCGTCCGTAACGGCGACCGC
GACCATAAGAGAGGAGGCAAAGCCAGC
CCCCG

SEQID
NO:383

DNA;

>

Zea mays

Zm00001d045
450 EPSPS

AGCACGGACGATCCTTTACGTTGTTTTTA
ACAAACTTTGTCAGAAAACTAGCATCAT
TAACTTCTTAATGACGATTTCACAACAA
AAAAAGGTAACCTCGCTACTAACATAAC
AAAATACTTGTTGCTTATTAATTATATGT
TTTTTAATCTTTGATCAGGGGACAACAGT
GGTTGATAACCTGTTGAACAGTGAGGAT
GT

SEQID
NO:384

DNA;

>

Zea mays

Zm00001d012
660 NPR1

ATTCCGTTGGACCCCTACCGCTCCTCAGT
CAGTCCTCGCCCCTCCCAGCACCGGCCA
ACAATCCCTCACGTTATTCCCTGTAGCTA
CTATGCTGCCCTCTIGGATCCCTTTTTCA

SEQID
NO:385

DNA;

>

Zea mays
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CTTGTCTGAGATTTAGCCACCGCCCGGTA
GGAAGAAGAAGGGGAAGCACCATATTIT
CTGTTCCTGGCCTGACGCAGCGCCGGTG
A

Zm00001d040
130 FEA3 (3°-
UTR)

CAAGCAAGCAGGTTCAGAAGAAGAACAC
GGAGAAACTTGAAGTAATGCTAGGTAGG
TTAGCACGAAGTAGTTTCTGCGCGTTCTC
TGTGATCTTTTGGCATTTGTTTTTGGCTG
CTGGTGGCTTACCATCGTCAGATGGTGAC
GGAGGAAGGAGGGAACATGGATCTGGA
TGGTGTGAGCCACAGATTACATTACAGT
AGTAGAGTAAACTATGAGAGTTCTTGTG
GACTGAAGGTGTGTAGTGGTGGATAGGG
TAGCTTCTCCGGGGTTCTTTTGTGTG

SEQID
NO:386

DNA;

>

Zea mays

Zm00001d040
130 FEA3

GACTTCTGAGCGAGGAGTGGACGAGTGG
TGTGCCGTCGTCCGGTTCCCGTTGGTTTG
GCGATGAGGCGCGCTCGCGGTCGCCGCG
GGCTGCTGCTTCTCCTCGGCGTGGCGCTC
ICGGCGGCTGCGCTGCTCCGTGGCTGCG
CGGGGCAGCAAGGGGAGGACGGCTCGG
ACGCCCCTGCGGCGGCGGCGGCGGAGAC
GGCCCCCATGGAGGAGAAGGAGCGCAGG
GCGCTGTACGCCGCCATCGAGAGCTTCG
TCGGCAAGGGGTGGAACGGCTCCGGGCT
CTACCCAGACCCCTGCGGCTGGTCTC

SEQID
NO:387

DNA;

>

Zea mays

GLYMA_12G
078900 NRT

AATTTAATCTAATGGTAGATAATGTGTTC
AAAGGAACGCTTGATAACATTTCTCGTG
ATAAATACGTATTTATGAGACTATTTAGT
TATGATCATCCATGICAATTAATTTCCAA
CCCAAAGTAATGATCATGTGCCAAGTTG
CCACCCATAATTTATCTCAAAATTAATGA
AACCCAAATAAAGGCGTTGAATAATACC
ACCATACAAAAGTGTGTTATTTAGCAGC
ATATGTAACTAGGCATATATCTATCTGTA
TATATGAGAGTTGATTATGTGTCACATAT
GAACCTTTGAGACATACCATGGGTTCTTT

SEQID
NO:388

DNA;
Glycine max
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TTGGCATACGCGGCGAAATGGATTACGT
CAAATACAGCTTTTGTTTAATGCTTAAAG
CTTTGGCAGCCGATGGAAATTTCATTGG
CATTGTCAACGCCTTCCCCTACTATAAGT
ACAATCACACTCCTTGICTCTCCCTCACA
ACACTAGGCCTTCAATTTGGTTTTGTTTC
ATCAGTTTTCCAGATACAGCACATTGATT
GTTAAGGCGAAATGGCTGATATTGAGGG
TT

Glymal3g398
50.1 NRT2

TTGTTTACTCCTAGTTATTATCTTAAAAA
AATTGAATCATATAATTATATATTAAGTT
TTGAATATGTGTTTCCATCTTATAGTTTA
TGAGATTACCATGIGITTAACAGATTGGG
ATCTACAAACTTTAAAAGTAAGCAGTAG
ATACATAATAGTTTTATAGGCCTGGTTGG
TTAGCTGAAATTTACAGCTACTACGCGGA
TAATGAACCCCAATGATGAAAACATGCA
GACGCATGTTGCAGCATGGAAGTATTTT
ATTTAATAAGAATAATAATAAGGTAAGT
GGTAGTAATTAAATTCCATATTCAGTATC
ATGGGAAATGAGATTCTTTGCCTTTGGG
ATACACCATTAGGCTTTTAGCCGTTCCAC
TGTIGTATATGCGGCGAAATGCATTACTCC
ATGGCCCTTGGGAATCCACTTGCCTCCTA
TCAGACTCTTACGTAGTCAACGCCTTCGC
CTACTATAAAAACAC

SEQID
NO:389

DNA;
Glycine max

Glyma.16G15
0700 FT2a

AAAGAAGCTATGAGGTGCAAGAACCGAT
CACATGGAGAAGGCAATGAAAGACAAG
GAGGAGCAATGGAAGAGAGAAAATGAG
AAGATGGAAGGGATGTGAAAATGTTTGA
AAAAAACGAGGTGATCAGTTTTAAAATA
CGAATTTAGTATTTTCTTTTTAAGAAAAT
TCTTTCGGAAAGTCGTGTTTITAAAACATG
ACTTTTATTTATTTGAAGTCGTGTTCTAA
AACATGACTTTATTTCATATCCTTTAATA
TTTTATATCCTTAATATTTTTAAAATTTAT

SEQID
NO:390

DNA;
Glycine max
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CCATTTGTAATATTTTTTAAAAATTGACC
CATATATGTAAAATACCCGTCAAGATCTC
TTTATTATTTTGAAAGCGAAAGCATATCA
CTTCAAACACAATGGAATCGAGGCTATT
GACTAAGTATAAATAGAGAAGACTTCATA
TCGGGGTTCATAATTCATAACAAAGCAA
ACGAGTATATAAGAAAGCATAAGCCAAA
TTTTGAGTAAACTAGTGTGCACACTATCC
C

Glyma.16g019
400 SHATI1-5

CACGTGGCCCCACACACATTTTITTTTCCC
TCAACAGTTAAACTCTCTTCCTCCATCTT
TCTTGGTAGGTGGCACTTCTCGGAGCAT
AGTAAAACTAACCCCACATTTTICTTTTT
CATTTTCATTTTCATTATATTATAAACCT
ATATATATACCCAATTGGTTATTGGTGTC
TGGTGTCCCTTCAACCTTTAAAACAAAC
AAATCCATTTTCTTTTTCTTTTTTTTTTCA
ITTTATTTTTTCCATTATTTTATCAACACA
ATTAATTCCATGIGTATCCTTTGGTCCTT
TCTGTCCCACAGCACATATATATAGTCTC
GCTTTACATACTCATTCCATGGCCAGTAC
ACACACCACACCTCATTATATCTTTCTTT
CAATTCCTATCCTCTTCCTTGTAGTGTAC
CCATTTTGAATGTGTTCTCTCTCTCTCTCT
CTTTCTTTAGGTCCCTGGTGAATATCTAG
AACCACTCTCT

SEQID
NO:391

DNA;
Glycine max

SOLYC02g08
1740 CS

ATAAGTATGTGCGTAAAAGTCTAAGTGG
AGTCACGTGTGTATGATATGAGGTCACAT
TAGAATTGTTACTAGAAAAGATATGAAG
GAATCTTTTCATTTTTATTTTATTTTCTTT
TTACATAGAGTAAACAAAAAAAATTGAC
TGGAATTGAAGTGGTAAGCCAAAAAATG
TGAGAATACATGAAAAAGTGTGAGAGAA
GTCACGTGTGTATGGTATGAGGTCACATG
AATATTATTGCCGAAAATGATATGAGAG
AATCTTTTCATTTTTATTTTATTTTCTTTT

SEQID
NO:392

DNA;
Solanum

lycopersicum
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TTAAACAGAGTAAAAAAAATTAAGTGTG
TATATATATATATGAGAAATGGGGAAACA
AATTATCAAACATAATTACCATTG

SOLYC07G02
1630.2 BCAT

ATTACATAAAGATACAACTATAATCTGA
CCTAGCTTATAAAGGATGTGAAATCTAA
AATGATGATATATACCTTGATAAAAAAA
TTTTGCTACATCGCCTTTIGCAATTATTTC
ATTTTGAAAGTATTCATATTTGTTTATAA
AAAATTTTCAAATATTTTAATAAATAAAT
AAATAAAATTATATTTTATTTATGATTTT
CAAATATGTCAATGATATAAATGATTAG
CTATAAATCTCATAAATTTCTATATAGAC
TTATTAAAATAAAGTATAAAAAGATTTT
ATTTTATTTTTGAAATACGAAAAATATGC
GTGCTTGAGCCTCTAACTACCTCCTATAT
AAATGATGAAAGAAAATGTTAGGTGTGAG
AAGTATATATCCTTATCCCAACTTTGGAA
TTTCAAATCGTTTGATTATTAAGTTATTT
GTTTGTTGTGGAAATTAAATATGATTCAA
AGGG

SEQID
NO:393

DNA;
Solanum

lycopersicum

SOLC08G082
620.2 KAS

CAACCCTTTAATGTCACATTTCTTGTTTG
GTCTTGTGAATTTAAGTCTGCAACTGTCA
CAAAAATCATACTACTATATTAATGTGTT
GCATTTATCGCCATTITTTTAATACTGTTT
TCTTGCTTAGCAAATATTACTATACTTGG
GCGGATTCTCCAAATCCCATGIGCAATTA
AAATTACAAACTTTGTTATTTACTCCATTT
TCTTGGATCTCTCTATGACTTGTCTTTTTC
TAATTTTCTATATATTTACCAACATGTTA
TGTTGAATTAAAAGAAGAAAAAAAACAA
GAAGATTTAGTTTTTTTTATTTITTGTGTGT
GTGTGTTTGAGAAAATGAGTAGTATTAC
TTATTCTAATTTGATATTGAAGAGGA

SEQID
NO:39%4

DNA;
Solanum

lycopersicum

Glyma07G104
500 GS

CAAAAATTAATTCTTTTAGTAATGATAG
AATCTAATATCTTAATTCAATGATTAATT
ATAACTTAAGTCTTCCTTTAAAATAAATC

SEQID
NO:395

DNA;
Glycine max
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TCATCTCATCTCCTICTICCTTTTTTGAGA
GAGAATCTCATCTCATTCTTCGGTGATCA
AATCTAGTGCCAGTACCGTACTTGGTAC
GCTACCTTCACTTGCCTATGTGCTTATCA
GCTATCACCTACCTTTCATAATTTAATAT
AAAAAATAAATAAACAATGTCGCTGCAA
AGCATGTTCATGTTCATTAATTCATTITTIT
ATTATTAAAAAAAAAACACCCCTTTATT
AGCGCGGCGGAAAAACTCACGGTATCTTTC
CACCACTTTCTTTATCTTTAGAGATCTTC
TTTTATATATATATATATATATAGATAGA
TAGATAGATAGATACAGAGATGAAAAAT

ACT
Glyma06G207 | ATCGGATTTCATIGGGATCCATATAATIG | SEQID | DNA;
800.1 E1 CGTTTTCAATTTCTGTGTCCTTAAACAAG |NO:396 | Clyeine max

CTATGCCAGAGAATTAATTTAATTTTAAG
TGTTAGCTTTATTATTTTACTTTCAAATCA
TTGAGGAAAACAATGGCCTATATATTAT

TCCTATATGTAACATACAATAATGTTATTG
CAATAGCGTGTACTTCAACCTAATTATIT
AATACCAAGTTTCTATATTAATGTTGTAT
CTTATGAAATCCTTCTATTTTCCATTCTA

TAAATTA
Table 24

Orientati Category

on

(relative

to gene

sequence | Cut | SEQID
Gene Guide (crRNA) ) site | NO
NRT2.2 RNA;
ZM00001D | CAAACAAAAAAGAAUGCAUG SEQ ID .
054060 GUUUUAGAGCUAUGCU reverse | 101 | NO:397 | dtificial
GLN14 RNA;
ZM00001D | UGUAUCCGUAUUUAUACGUG SEQ ID artificial
051804 GUUUUAGAGCUAUGCU forward 115 | NO:398
Dofl RNA;
ZM00001D | GACGCGAGUGGGGGCCCACG SEQ ID artificial
031278 GUUUUAGAGCUAUGCU reverse 101 | NO:399

AUUUUGUUAUGUUAGUAGCG SEQID | RNA;

EPSPS GUUUUAGAGCUAUGCU reverse 101 | NO:400
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ZMO00001D artifioial
045450

NPRI RNA.
ZM00001D | AAGUGAAAAAGGGAUCCAAG SEQID | ...
012660 GUUUUAGAGCUAUGCU reverse | 101 | NOwo1 | 2rtificial
FEA3 RNA.
ZMO00001D | GCAGGUUCAGAAGAAGAACA SEQID | ...
040130 GUUUUAGAGCUAUGCU forward |25 | NO:w4o2 | 2rificial
FEA3 RNA.
ZM00001D | CCAUGUCAGAUGGUGACGGG SEQID | . .
040130 UUUUAGAGCUAUGCU Forward | 143 | NOw4o3 | 2rtificial
FEA3 RNA.
ZM00001D | UGGAUAGGGUAGCUUCUCCG SEQID | . .
040130 GUUUUAGAGCUAUGCU forward | 263 | NOw404 | 2rtificial
FEA3 RNA.
ZM00001D | GCGCUCCUUCUCCUCCAUGUU SEQID | ..
040130 UUAGAGCUAUGCU reverse | 207 | NO:405 | AN
FEA3 RNA.
ZM00001D | CCUCGGCGUGGCGCUCUCGGG SEQID | ..~
040130 UUUUAGAGCUAUGCU forward | 115 | NO:406 |21
NRT RNA.
GLYMA12 | AGUGUUGUGAGGGAGAGACA SEQID | ...
G078900 | GUUUUAGAGCUAUGCU reverse | 446 | NOwo7 | 2rtificial
NRT RNA.
GLYMAI2 | GAACCUUUGAGACAUACCAU SEQID | . .
G078900 | GUUUUAGAGCUAUGCU forward | 303 | NO:40s | 2rtificial
NRT RNA.
GLYMAI2 | GGGUUGGAAAUUAAUUGACA SEQID | ..
G078900 GUUUUAGAGCUAUGCU reverse | 101 | NO:409 | @M1
NRT2 RNA.
GLYMAI3 | AUUUCGCCGCAUAUACACAG SEQID | ..
G39850.1 | GUUUUAGAGCUAUGCU reverse | 374 | NO:410 | 2R
NRT2 RNA.
GLYMAI3 | UGAAAUUUACAGCUACUACG SEQID | ..~
G39850.1 | GUUUUAGAGCUAUGCU forward | 195 | NO:411 | @™HHe@
NRT2 RNA.
GLYMAI3 | AUCCCAAUCUGUUAAACACA SEQID | ...
G39850.1 | GUUUUAGAGCUAUGCU reverse | 101 | NOw12 | 2rtificial
GS RNA;
GLYMAO7 | GUGAUAGCUGAUAAGCACAU SEQID | ...
G104500 | GUUUUAGAGCUAUGCU reverse | 193 | NOw13 | rtificial
GS RNA;
GLYMAO7 | UUAGGCGGCGGAAAAACUCA SEQID | . .
G104500 | GUUUUAGAGCUAUGCU forward | 331 | NO:414 | mificial
GS RNA;
GLYMAO7 | UCUCUCUCAAAAAAGGAAGA SEQID | ..
G104500 GUUUUAGAGCUAUGCU reverse | 103 | NO:415 | 211
FT2a RNA;
GLYMAL6 | GAAAAUGUUUGAAAAAAACG SEQID | ..~
G150700 GUUUUAGAGCUAUGCU forward | 115 | NO:416 | 312
FT2a RNA;
GLYMAI6 | AUAGAGAAGACUUCAUAUCG SEQID | ...
G150700 | GUUUUAGAGCUAUGCU forward | 428 | NOw417 | rtificial
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FT2a RNA;
GLYMA16 | AAUAAUAAAGAGAUCUUGAC SEQ ID L
G150700 | GUUUUAGAGCUAUGCU reverse | 334 | NOw1s | 2rtificial
El RNA.
GLYMAO6 | AUUUUACUUUCAAAUCAUUG SEQID | .. ..
G207800.1 | GUUUUAGAGCUAUGCU forward | 117 | NO:419 | aHHea
El RNA.
GLYMAO6 | CAUUAUUGUAUGUUACAUAU SEQID | .. ..
G207800.1 | GUUUUAGAGCUAUGCU reverse | 152 | NO:420 | 2HHC2
SHATI-5 RNA.
GLYMAI6 | AAAUGAAAAAGAAAAAUGUG SEQ ID o
G019400 | GUUUUAGAGCUAUGCU reverse | 103 | NOw421 | rtificial
SHATI-5 RNA.
GLYMAI6 | AAAGGACCAAAGGAUACACA SEQ ID o
G019400 | GUUUUAGAGCUAUGCU reverse | 274 | NOwz2 | 2rtificial
SHATI-5 RNA.
GLYMA16 | AAGAAAGAUAUAAUGAGGUG SEQ ID L
G019400 | GUUUUAGAGCUAUGCU reverse | 359 | NOwp3 | artificial
CS RNA;
SOLYC02G | AGUCACGUGUGUAUGAUAUG SEQID | .. ..
081740.1 GUUUUAGAGCUAUGCU forward | 46 | NO:424 | 2112
CS RNA;
SOLYC02G | AGUCACGUGUGUAUGGUAUG SEQID | .. ..
081740.1 GUUUUAGAGCUAUGCU forward | 216 | NO:425 | @HHe@
CS RNA;
SOLYC02G | AUAUAUAUAUAUGAGAAAUG SEQ ID o
081740.1 | GUUUUAGAGCUAUGCU forward | 333 | NOw2e | 2rtificial
BCAT RNA.
SOLYC07G | UUUAUAUAGGAGGUAGUUAG SEQ ID o
0216302 | GUUUUAGAGCUAUGCU reverse | 330 | NOw4z7 | 2rtificial
BCAT RNA.
SOLYC07G | CAAAAUGAAAUAAUUGCAAA SEQ ID L
0216302 | GUUUUAGAGCUAUGCU reverse | 103 | NOwazg | 2rtificial
BCAT RNA.
SOLYC07G | AAAUGAUGAAAGAAAAUGUU SEQID | .. ..
0216302 GUUUUAGAGCUAUGCU forward | 361 | NO:429 |11
KAS RNA;
SOLYC08G | UUUGUAAUUUUAAUUGCACA SEQID | .. ..
0826202 GUUUUAGAGCUAUGCU reverse | 168 | NO:430 | 211
KAS RNA;
SOLYC08G | UUUAAUUCAACAUAACAUGU SEQ ID o
0826202 | GUUUUAGAGCUAUGCU reverse | 259 | NOw431 | 2rtificial
KAS RNA.
SOLYC08G | AGAAAACAGUAUUAAAAAAA SEQ ID o
0826202 | GUUUUAGAGCUAUGCU reverse | 103 | NOw32 | 2rtificial

Example 33
[0368] This example illustrates techniques for preparing a plant cell or plant protoplast useful in

compositions and methods of the invention. More specifically this non-limiting example describes

techniques for preparing isolated, viable plant protoplasts from monocot and dicot plants.
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[0369] The following mesophyll protoplast preparation protocol (modified from one publicly
available at molbio[dotjmgh[dot]harvard .edu/sheenweb/protocols_reg[dot]html) is generally suitable
for use with monocot plants such as maize (Zea mays) and rice (Oryza sativa):

[0370] Prepare an enzyme solution containing 0.6 molar mannitol, 10 millimolar MES pH 5.7,
1.5% cellulase R10, and 0.3% macerozyme R10. Heat the enzyme solution at 50 — 55 degrees Celsius
for 10 minutes to inactivate proteases and accelerate enzyme solution and cool it to room temperature
before adding 1 millimolar CaCl2, 5 millimolar B-mercaptocthanol, and 0.1% bovine serum albumin.
Pass the enzyme solution through a 0.45 micrometer filter. Prepare a washing solution containing 0.6
molar mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCI.

[0371] Obtain second leaves of the monocot plant (e. g., maize or rice) and cut out the middle 6 —
8 centimeters. Stack ten leaf sections and cut into 0.5 millimeter-wide strips without bruising the
leaves. Submerge the leaf strips completely in the enzyme solution in a petri dish, cover with
aluminum foil, and apply vacuum for 30 minutes to infiltrate the leaf tissue. Transfer the dish to a
platform shaker and incubate for an additional 2.5 hours’ digestion with gentle shaking (40 rpm).
After digestion, carefully transfer the enzyme solution (now containing protoplasts) using a
serological pipette through a 35 micrometer nylon mesh into a round-bottom tube; rinse the petri with
5 milliliters of washing solution and filter this through the mesh as well. Centrifuge the protoplast
suspension at 1200 rpm, 2 minutes in a swing-bucket centrifuge. Aspirate off as much of the
supernatant as possible without touching the pellet; gently wash the pellet once with 20 milliliters
washing buffer and remove the supernatant carefully. Gently resuspend the pellet by swirling in a
small volume of washing solution, then resuspend in 10 — 20 milliliters of washing buffer. Place the
tube upright on ice for 30 minutes — 4 hours (no longer). After resting on ice, remove the supernatant
by aspiration and resuspend the pellet with 2 — 5 milliliters of washing buffer. Measure the
concentration of protoplasts using a hemocytometer and adjust the concentration to 2 x 1075
protoplasts/milliliter with washing buffer.

[0372] The following mesophyll protoplast preparation protocol (modified from one described
by Niu and Sheen (2012) Methods Mol. Biol., 876:195 — 206, doi: 10.1007/978-1-61779-809-2_16) is
generally suitable for use with dicot plants such as Arabidopsis thaliana and brassicas such as kale
(Brassica oleracea).

[0373] Prepare an enzyme solution containing 0.4 M mannitol, 20 millimolar KCI, 20 millimolar
MES pH 5.7, 1.5% cellulase R10, and 0.4% macerozyme R10. Heat the enzyme solution at 50 — 55
degrees Celsius for 10 minutes to inactivate proteases and accelerate enzyme solution, and then cool it
to room temperature before adding 10 millimolar CaCl2, 5 millimolar B-mercaptoethanol, and 0.1%
bovine serum albumin. Pass the enzyme solution through a 0.45 micrometer filter. Prepare a “W5”

solution containing 154 millimolar NaCl, 125 millimolar CaCl2, 5 millimolar KCl, and 2 millimolar
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MES pH 5.7. Prepare a “MMg solution” solution containing 0.4 molar mannitol, 15 millimolar
MgCl2, and 4 millimolar MES pH 5.7.

[0374] Obtain second or third pair true leaves of the dicot plant (¢. g., a brassica such as kale)
and cut out the middle section. Stack 4 — 8 leaf sections and cut into 0.5 millimeter-wide strips
without bruising the leaves. Submerge the leaf strips completely in the enzyme solution in a petri
dish, cover with aluminum foil, and apply vacuum for 30 minutes to infiltrate the leaf tissue. Transfer
the dish to a platform shaker and incubate for an additional 2.5 hours” digestion with gentle shaking
(40 rpm). After digestion, carefully transfer the enzyme solution (now containing protoplasts) using a
serological pipette through a 35 micrometer nylon mesh into a round-bottom tube; rinse the petri dish
with 5 milliliters of washing solution and filter this through the mesh as well. Centrifuge the
protoplast suspension at 1200 rpm, 2 minutes in a swing-bucket centrifuge. Aspirate off as much of
the supernatant as possible without touching the pellet; gently wash the pellet once with 20 milliliters
washing buffer and remove the supernatant carefully. Gently resuspend the pellet by swirling in a
small volume of washing solution, then resuspend in 10 — 20 milliliters of washing buffer. Place the
tube upright on ice for 30 minutes — 4 hours (no longer). After resting on ice, remove the supernatant
by aspiration and resuspend the pellet with 2 — 5 milliliters of MMg solution. Measure the
concentration of protoplasts using a hemocytometer and adjust the concentration to 2 x 1075
protoplasts/milliliter with MMg solution.

Example 34

[0375] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes media and culture
conditions for improving viability of isolated plant protoplasts.

[0376] Table 25 provides the compositions of different liquid basal media suitable for culturing

plant cells or plant protoplasts; final pH of all media was adjusted to 5.8 if necessary.

Table 25
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* Sources for basal media:
SH — Schenk and Hildebrandt, Can. J. Bot. 50:199 (1971).
8p — Kao and Michayluk, Planta 126:105 (1975).
P2 — SH but with hormones from Potrykus et al., Mol. Gen. Genet. 156:347 (1977).

PIM — Chupeau et al., The Plant Cell 25:2444 (2013).
Example 35
[0377] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes methods for
encapsulating isolated plant protoplasts.
[0378] When protoplasts are encapsulated in alginate or pectin, they remain intact far longer than
they would in an equivalent liquid medium. In order to encapsulate protoplasts, a liquid medium
(“calcium base™) is prepared that is in all other respects identical to the final desired recipe with the
exception that the calcium (usually CaCl2+2H20) is increased to 80 millimolar. A second medium
(“encapsulation base”) is prepared that has no added calcium but contains 10 g/L of the encapsulation
agent, ¢. g., by making a 20 g/L solution of the encapsulation agent and adjusting its pH with KOH or
NaOH until it is about 5.8, making a 2x solution of the final medium (with no calcium), then
combining these two solutions in a 1:1 ratio. Encapsulation agents include alginate (¢. g., alginic acid
from brown algae, catalogue number A0682, Sigma-Aldrich, St. Louis, MO) and pectin (€. g., pectin
from citrus peel, catalogue number P9136, Sigma-Aldrich, St. Louis, MO; various pectins including
non-amidated low-methoxyl pectin, catalogue number 1120-50 from Modernist Pantry, Portsmouth,
NH). The solutions, including the encapsulation base solution, is filter-sterilized through a series of
filters, with the final filter being a 0.2-micrometer filter. Protoplasts are pelleted by gentle
centrifugation and resuspended in the encapsulation base; the resulting suspension is added dropwise
to the calcium base, upon which the protoplasts are immediately encapsulated in solid beads.
Example 36
[0379] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
protoplast viability obtained by adding non-conventionally high levels of divalent cations to culture
media.
[0380] Typical plant cell or plant protoplast media contain between about 2 to about 4 millimolar
calcium cations and between about 1 — 1.5 millimolar magnesium cations. In the course of
experiments varying and adding components to media, it was discovered that the addition of non-
conventionally high levels of divalent cations had a surprisingly beneficial effect on plant cell or plant
protoplast viability. Beneficial effects on plant protoplast viability begin to be seen when the culture

medium contains about 30 millimolar calcium cations (e. g., as calcium chloride) or about 30
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millimolar magnesium cations (e. g., as magnesium chloride). Even higher levels of plant protoplast
viability were observed with increasing concentrations of calcium or magnesium cations, i. e., at
about 40 millimolar or about 50 millimolar calcium or magnesium cations. The result of several
titration experiments indicated that greatest improvement in protoplast viability was seen using media
containing between about 50 to about 100 millimolar calcium cations or 50 to about 100 millimolar
magnesium cations; no negative effects on protoplast viability or physical appearance was observed at
these high cation levels. This was observed in multiple experiments using protoplasts obtained from
several plant species including maize (multiple germplasms, e. g., B73, A188, B104, HillA, HillB,
BMS), rice, wheat, soy, kale, and strawberry; improved protoplast viability was observed in both
encapsulated protoplasts and non-encapsulated protoplasts. Addition of potassium chloride at the
same levels had no effect on protoplast viability. It is possible that inclusion of slightly lower (but
still non-conventionally high) levels of divalent cations (e. g., about 10 millimolar, about 15
millimolar, about 20 millimolar, or about 25 millimolar calcium cations or magnesium cations) in
media is beneficial for plant cells or plant protoplasts of additional plant species.

Example 37
[0381]

or plant protoplasts. More specifically, this non-limiting example describes observations of effects on

This example illustrates culture conditions effective in improving viability of plant cells

maize protoplast viability obtained by adding non-conventionally high levels of divalent cations to
culture media.
[0382]

were prepared in YPIM B- liquid medium containing various combinations of the added salts calcium

Separate suspensions of maize B73 and A188 protoplasts (2 x 10”5 cells per milliliter)

chloride, potassium ascorbate, and magnesium chloride or magnesium sulfate. One-half milliliter
aliquots of the suspensions were dispensed into a 24-well microtiter plate in the arrangement shown in
Table 26, which lists the concentrations of calcium chloride (““Ca”), potassium ascorbate (“A”), and

magnesium chloride (“MgCI27) or magnesium sulfate (“MgSO04”) in millimolar values.

Table 26
YPIM B- Ca=0, A=0.1 Ca=0, A=0.2 Ca=0, A=0.5 Ca=0, A=1 YPIM B-
Ca=50, A=0 | Ca=50,A=0.1 | Ca=50,A=02 | Ca=50,A=05 | Ca=50, A=1 YPIM B-
Ca=100, A=0 | Ca=100, A=0.1 | Ca=100, A=0.2 | Ca=100, A=0.5 | Ca=100, A=1 YPIM B-
YPIM B- MgCL=50 MgCL=100 MgS04=50 MgS0:=100 YPIM B-
[0383] Viability was judged by Evans blue staining and visualization under a light microscope.

After 96 hours, both maize species were still highly viable in all wells. After 288 hours, there were
clear differences at various calcium and magnesium concentrations, but only slight effects at various
ascorbate concentrations.

[0384]

Ca=0 wells appeared small and dead; protoplasts in Ca=50 wells appeared larger but were now also

The observations at 288 hours were recorded as follows: Maize B73: protoplasts in all

almost all dead; protoplasts in Ca=100 wells still appeared larger and had a viability of between 10 —

199



WO 2018/140899 PCT/US2018/015793

20%. Protoplasts in MgCl12=50 wells were similar to those in Ca=100 wells, and protoplasts in
MgCl12=100 wells had much higher viability than any well. Wells with MgS04=50 or 100 showed
only a modest improvement in protoplast viability. Maize A188: protoplasts in all Ca=0 wells
appeared small and dead; protoplasts in Ca=50 wells appeared and had about 20% viability;
protoplasts in Ca=100 wells had about 70% viability and were visibly healthier. Addition of
ascorbate at 0.2 millimolar and above to the wells with added calcium appeared to slightly decrease
viability. Wells with MgS04=50 had about 30 — 40% viability, and wells with MgCI2=100 had
about 70% viability. Wells with MgS04=50 or 100 showed only a modest improvement in protoplast
viability. These results demonstrate that calcium chloride or magnesium chloride added at non-
conventionally high levels improved maize protoplast viability over a culture time of ~12 days.
Example 38

[0385] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
maize, soybean, and strawberry protoplast viability obtained by adding non-conventionally high levels
of divalent cations to culture media.

[0386] Separate suspensions of maize B73, winter wheat, soy, and strawberry protoplasts (2 x
1075 cells per milliliter) were prepared in YPIM B- liquid medium containing calcium chloride at 0,
50, or 100 millimolar. One-half milliliter aliquots of the suspensions were dispensed into a 24-well
microtiter plate.

[0387] Viability at day 8 of culture was judged by visualization under a light microscope. At this
point, the viability of the maize protoplasts in the 0, 50, and 100 millimolar calcium conditions was
10%, 30%, and 80%, respectively. There were no large differences observed at this time point for
protoplasts of the other species.

[0388] Viability at day 13 was judged by Evans blue staining and visualization under a light
microscope. At this point, the viability of the maize protoplasts in the 0, 50, and 100 millimolar
calcium conditions was 0%, 0%, and 10%, respectively; viability of the soybean protoplasts in the 0,
50, and 100 millimolar calcium conditions was 0%, 50%, and 50%, respectively; and viability of the
maize protoplasts in the 0 and 50 millimolar calcium conditions was 0% and 50%, respectively
(viability was not measured for the 100 millimolar condition). These results demonstrate that culture
conditions including calcium cations at 50 or 100 millimolar improved viability of both monocot and
dicot protoplasts over a culture time of ~13 days.

Example 39

[0389] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
maize protoplast viability obtained by adding non-conventionally high levels of divalent cations to

culture media.
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[0390] Separate suspensions of maize A188 protoplasts (2 x 1075 cells per milliliter) were
prepared in YPIM B- liquid medium containing calcium chloride at 0 or 50 millimolar. One-half
milliliter aliquots of the suspensions were dispensed into a 24-well microtiter plate.

[0391] Viability was judged by visualization under a light microscope. At 96 hours, protoplasts
grown with 50 millimolar calcium cations appeared healthier than those grown with no added
calcium. At 168 hours (7 days), wells with 50 millimolar calcium cations still contained very many
large, healthy-looking protoplasts, whereas protoplasts in the wells with no added calcium were nearly
all dead. This experiment was carried on to day 20, at which point the protoplasts in the wells with 50
millimolar calcium had generated cell walls and undergone at least some cell division. These results
demonstrate that culture conditions including calcium cations at 50 millimolar improved viability, cell
wall regeneration, and cell division of maize protoplasts over a culture time of at least 7 to 20 days.
Example 40

[0392] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
maize protoplast viability obtained by adding non-conventionally high levels of divalent cations to
culture media.

[0393] Separate suspensions of maize B73 protoplasts (2 x 105 cells per milliliter) were
prepared in PIM B- liquid medium (identical to YPIM B- medium except with the 6-
benzylaminopurine substituted with 0.022 milligrams/L thidiazuron) containing calcium chloride
added at 0, 5, 20, 40, 70, or 100 millimolar. One-half milliliter aliquots of the suspensions were
dispensed into a 24-well microtiter plate.

[0394] Viability was judged by visualization under a light microscope at day 7 and at day 14 of
culture. In this experiment, by day 7 the maize protoplasts were dead in the wells containing less than
40 millimolar calcium; the maize protoplasts in the wells containing 40, 70, or 100 millimolar calcium
formed clusters of viable, healthy cells with cell division occurring, with the strongest enhanced
viability and cell division observed at 100 millimolar calcium. These results demonstrate that culture
conditions including calcium cations at 40, 70, or 100 improved viability, cell wall regeneration, and
cell division of maize protoplasts over a culture time of at least 7 to 14 days.

Example 41

[0395] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
maize protoplast viability obtained by adding non-conventionally high levels of divalent cations to
culture media.

[0396] Separate suspensions of maize B73 and A188 protoplasts (2 x 10”5 cells per milliliter)
were prepared in PIM B- liquid medium (identical to YPIM B- medium except with the 6-

benzylaminopurine substituted with 0.022 milligrams/L thidiazuron) containing calcium chloride
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added at 0 or 50 millimolar. One-half milliliter aliquots of the suspensions were dispensed into a 24-
well microtiter plate.
[0397] Viability was judged by visualization under a light microscope. In this experiment, by
day 6 the maize A188 protoplasts were about 40% viable in the wells containing no added calcium but
showed much higher viability in the wells containing 50 millimolar calcium, where several wells
showed 100% viability. The maize B73 protoplasts in the wells containing no added calcium had all
died, but wells containing 50 millimolar calcium still contained viable cells.
Example 42
[0398] This example illustrates culture conditions effective in improving viability of plant cells
or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
maize protoplast viability obtained by adding non-conventionally high levels of divalent cations or a
low-molecular-weight antioxidant to culture media.
[0399] Separate suspensions of maize B73 and A188 protoplasts (2 x 10”5 cells per milliliter)
were prepared in YPIM B- liquid medium containing (a) calcium chloride added at 100 millimolar, or
(b) 1 millimolar glutathione, or (¢) no added calcium or glutathione. One-milliliter aliquots of the
suspensions were dispensed into a 24-well microtiter plate. At 16, 40, 64, and 136 hours of culture,
50-microliter samples were taken for hemocytometer analysis from each well; for the plates
containing maize A 188 protoplasts, parallel 50-microliter samples were taken from a replicate well at
16, 40, and 64 hours of culture for quantification using a Cellometer cell counter (Nexcelom
Bioscience LLC, Lawrence, MA).
[0400] Viability was determined by Evans blue staining and quantification using a
hemocytometer. Under conditions with high concentrations of calcium, Evans blue can create
precipitates that interfere with cell counting; to prevent this, 5 microliters of an EDTA solution was
added to the samples from the wells containing 100 millimolar calcium chloride immediately prior to
staining. Results from the hemocytometer analysis are provided in Table 27 (results from the
Cellometer analysis were very similar); “Control” = YPIM B- medium with no added calcium or
glutathione. These results demonstrate that inclusion in the medium of either non-conventionally high
(100 millimolar) calcium cations or the low-molecular-weight thiol antioxidant glutathione resulted in
increasing protoplast viability of both maize lines by (a) at least 10% higher after 30 hours (in this
example, about 10 — 34% higher at 40 hours) culture; (b) at least 10% higher after 48 hours” culture
hours (in this example, between 17 — 53% higher at 64 hours); or (¢) at least 10% higher after 72
hours” culture hours or at least 10% higher after 96 hours” culture hours (in this example, about 12 —
at least 46% higher at 138 hours).

Table 27
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Cell Hours Viability (%)
Type Control | 100 mM Ca | 1 mM GSH
B73 0 90 90 90
16 65 65 77
40 38 57 72
64 31 58 48
136 12 30 24
Al188 0 90 90 90
16 60 67 69
40 40 57 50
64 6 59 50
136 0 46 42
Example 43
[0401] This example illustrates culture conditions effective in improving viability of plant cells

or plant protoplasts. More specifically, this non-limiting example describes observations of effects on
maize protoplast viability obtained by adding non-conventionally high levels of divalent cations to
culture media.

[0402] Separate suspensions of maize protoplasts from five different germplasm lines (A 188,
B73, B104, HillA, HilIB) (2 x 10”5 cells per milliliter) were prepared in YPIM B- liquid medium
containing calcium chloride added at 0, 50, or 100 millimolar. One-half milliliter aliquots of the
suspensions were dispensed into a 24-well microtiter plate.

[0403] Viability was judged by visualization under a light microscope. At 19 hours, protoplasts
of all five maize lines grown under the different conditions appeared healthy, with large proportions
of round, green cells; slightly more debris was observed in the 0 calcium conditions. At 34 hours,
protoplasts of all five maize lines showed a response to the increased calcium conditions similar to
what had been previously observed; across the five maize lines, viability of protoplasts grown without
added calcium was about 40%, while those grown with 50 millimolar calcium was about 55%, and
those grown with 100 millimolar calcium was about 70%. These results demonstrate that culture
conditions including calcium cations at 50 or 100 millimolar improved viability of protoplasts from
various maize germplasm over a culture time of 34 hours.

Example 44

[0404] This example illustrates genome editing in plants and further illustrates a method of
delivering gene-editing effector molecules into a plant cell. This example describes introducing at
least one double-strand break (DSB) in a genome in a plant cell or plant protoplast, by delivering at

least one effector molecules to the plant cell or plant protoplast using at least one physical agent, such
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as a particulate, microparticulate, or nanoparticulate. More specifically, this non-limiting example
illustrates introducing at least one double-strand break (DSB) in a genome in a plant cell or plant
protoplast by contacting the plant cell or plant protoplast with a composition including at least one
sequence-specific nuclease and at least one physical agent, such as at least one nanocarrier.
Embodiments include those wherein the nanocarrier comprises metals (e. g., gold, silver, tungsten,
iron, cerium), ceramics (e. g., aluminum oxide, silicon carbide, silicon nitride, tungsten carbide),
polymers (e. g., polystyrene, polydiacetylene, and poly(3,4-cthylenedioxythiophene) hydrate),
semiconductors (e. g., quantum dots), silicon (e. g., silicon carbide), carbon (e. g., graphite, graphene,
graphene oxide, or carbon nanosheets, nanocomplexes, or nanotubes), composites (e. g.,
polyvinylcarbazole/graphene, polystyrene/graphene, platinum/graphene, palladium/graphene
nanocomposites), a polynucleotide, a poly(AT), a polysaccharide (e. g., dextran, chitosan, pectin,
hyaluronic acid, and hydroxyethylcellulose), a polypeptide, or a combination of these. In
embodiments, such particulates and nanoparticulates are further covalently or non-covalently
functionalized, or further include modifiers or cross-linked materials such as polymers (e. g., linear or
branched polyethylenimine, poly-lysine), polynucleotides (e. g., DNA or RNA), polysaccharides,
lipids, polyglycols (e. g., polyethylene glycol, thiolated polyethylene glycol), polypeptides or proteins,
and detectable labels (e. g., a fluorophore, an antigen, an antibody, or a quantum dot). Embodiments
include those wherein the nanocarrier is a nanotube, a carbon nanotube, a multi-walled carbon
nanotube, or a single-walled carbon nanotube. Specific nanocarrier embodiments contemplated
herein include the single-walled carbon nanotubes, cerium oxide nanoparticles (“nanoceria”), and
modifications thereof (e. g., with cationic, anionic, or lipid coatings) described in Giraldo ef al. (2014)
Nature Materials, 13:400 — 409, the single-walled carbon nanotubes and heteropolymer complexes
thereof described in Zhang et al. (2013) Nature Nanotechnol., 8:959 — 968
(doi:10.1038/NNANO.2013.236); the single-walled carbon nanotubes and heteropolymer complexes
thereof described in Wong ef al. (2016) Nano Lett., 16:1161-1172; and the various carbon nanotube
preparations described in US Patent Application Publication US 2015/0047074 and International
Patent Application PCT/US2015/050885 (published as WO 2016/ 044698 and claiming priority to US
Provisional Patent Application 62/052,767), all of which patent applications are incorporated in their
entirety by reference herein. See also, for example, the various types of particles and nanoparticles,
their preparation, and methods for their use, e. ., in delivering polynucleotides and polypeptides to
cells, disclosed in US Patent Application Publications 2010/0311168, 2012/0023619, 2012/0244569,
2013/0145488, 2013/0185823, 2014/0096284, 2015/0040268, 2015/0047074, and 2015/0208663, all
of which are incorporated herein by reference in their entirety.

[0405] In these examples, single-walled carbon nanotubes (SWCNT) and modifications thereof
are prepared as described in Giraldo ef al. (2014) Nature Materials, 13:400 — 409; Zhang et al. (2013)
Nature Nanotechnol., 8:959 — 968; Wong et al. (2016) Nano Lett., 16:1161—-1172; US Patent
Application Publication US 2015/0047074; and International Patent Application
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PCT/US2015/050885 (published as WO 2016/ 044698). In an initial experiment, a DNA plasmid
encoding green fluorescent protein (GFP) as a reporter is non-covalently complexed with a SWCNT
preparation and tested on various plant cell preparations including plant cells in suspension culture,
plant callus, plant embryos, intact or half seeds, and shoot apical meristem. Delivery to the plant
callus, embryos, seeds, and meristem is by treatment with pressure, centrifugation, bombardment,
microinjection, infiltration (e. g., with a syringe), or by direct application to the surface of the plant
tissue. Efficiency of the SWCNT delivery of GFP across the plant cell wall and the cellular
localization of the GFP signal is evaluated by microscopy.

[0406] In another experiment, plasmids encoding Cas9 and at least one guide RNA (gRNA),
such as those described in Example 6, are non-covalently complexed with a SWCNT preparation and
tested on various plant cell preparations including plant cells in suspension culture, plant callus, plant
embryos, intact or half seeds, and shoot apical meristem. Delivery to the plant callus, embryos, seeds,
and meristem is by treatment with pressure, centrifugation, bombardment, microinjection, infiltration
(e. g., with a syringe), or by direct application to the surface of the plant tissue. The gRNA is
designed to target the endogenous plant gene phytoene desaturase (PDS) for silencing, where PDS
silencing produces a visible phenotype (bleaching, or low/no chlorophyll).

[0407] In another experiment, RNA encoding Cas9 and at least one guide RNA (gRNA), such as
those described in Example 6, are non-covalently complexed with a SWCNT preparation and tested
on various plant cell preparations including plant cells in suspension culture, plant callus, plant
embryos, intact or half seeds, and shoot apical meristem. Delivery to the plant callus, embryos, seeds,
and meristem is by treatment with pressure, centrifugation, bombardment, microinjection, infiltration
(e. g., with a syringe), or by direct application to the surface of the plant tissue. The gRNA is
designed to target the endogenous plant gene phytoene desaturase (PDS) for silencing, where PDS
silencing produces a visible phenotype (bleaching, or low/no chlorophyll).

[0408] In another experiment, a ribonucleoprotein (RNP), prepared by complexation of Cas9
nuclease and at least one guide RNA (gRNA), is non-covalently complexed with a SWCNT
preparation and tested on various plant cell preparations including plant cells in suspension culture,
plant callus, plant embryos, intact or half seeds, and shoot apical meristem. Delivery to the plant
callus, embryos, seeds, and meristem is by treatment with pressure, centrifugation, bombardment,
microinjection, infiltration (e. g., with a syringe), or by direct application to the surface of the plant
tissue. The gRNA is designed to target the endogenous plant gene phytoene desaturase (PDS) for
silencing, where PDS silencing produces a visible phenotype (bleaching, or low/no chlorophyll).
[0409] One of skill in the art would recognize that the above general compositions and
procedures can be modified or combined with other reagents and treatments, such as those described
in detail in the paragraphs following the heading “Delivery Methods and Delivery Agents™. In
addition, the single-walled carbon nanotubes (SWCNT) and modifications thereof prepared as
described in Giraldo ef al. (2014) Nature Materials, 13:400 — 409; Zhang ef al. (2013) Nature
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Nanotechnol., 8:959 — 968; Wong et al. (2016) Nano Lett., 16:1161-1172; US Patent Application
Publication US 2015/0047074; and International Patent Application PCT/US2015/050885 (published
as WO 2016/ 044698) can be used to prepare complexes with other polypeptides or polynucleotides or
a combination of polypeptides and polynucleotides (e. g., with one or more polypeptides or
ribonucleoproteins including at least one functional domain selected from the group consisting of:
transposase domains, integrase domains, recombinase domains, resolvase domains, invertase
domains, protease domains, DNA methyltransferase domains, DNA hydroxylmethylase domains,
DNA demethylase domains, histone acetylase domains, histone deacetylase domains, nuclease
domains, repressor domains, activator domains, nuclear-localization signal domains, transcription-
regulatory protein (or transcription complex recruiting) domains, cellular uptake activity associated
domains, nucleic acid binding domains, antibody presentation domains, histone modifying enzymes,
recruiter of histone modifying enzymes, inhibitor of histone modifying enzymes, histone
methyltransferases, histone demethylases, histone kinases, histone phosphatases, histone ribosylases,
histone deribosylases, histone ubiquitinases, histone deubiquitinases, histone biotinases, and histone
tail proteases).

Example 45

[0410] This example illustrates genome editing in plants and further illustrates a method of
delivering gene-editing effector molecules into a plant cell. More specifically, this non-limiting
example describes introducing at least one double-strand break (DSB) in a genome in a plant cell or
plant protoplast, by contacting the plant cell or plant protoplast with a composition including a
sequence-specific nuclease complexed with a gold nanoparticle.

[0411] In embodiments, at least one double-strand break (DSB) is introduced in a genome in a
plant cell or plant protoplast, by contacting the plant cell or plant protoplast with a composition that
includes a charge-modified sequence-specific nuclease complexed to a charge-modified gold
nanoparticle, wherein the complexation is non-covalent, e. g., through ionic or electrostatic
interactions. In an embodiment, a sequence-specific nuclease having at least one region bearing a
positive charge forms a complex with a negatively-charged gold particle; in another embodiment, a
sequence-specific nuclease having at least one region bearing a negative charge forms a complex with
a positively-charged gold particle. Any suitable method can be used for modifying the charge of the
nuclease or the nanoparticle, for instance, through covalent modification to add functional groups, or
non-covalent modification (e. g., by coating a nanoparticle with a cationic, anionic, or lipid coating).
In embodiments, the sequence-specific nuclease is a type Il Cas nuclease having at least one
modification selected from the group consisting of: (a) modification at the N-terminus with at least
ong negatively charged moiety; (b) modification at the N-terminus with at least one moiety carrying a
carboxylate functional group; (c) modification at the N-terminus with at least one glutamate residue,
at least one aspartate residue, or a combination of glutamate and aspartate residues; (d) modification

at the C-terminus with a localization signal, transit, or targeting peptide; (¢) modification at the C-
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terminus with a nuclear localization signal (NLS), a chloroplast transit peptide (CTP), or a
mitochondrial targeting peptide (MTP). In embodiments, the type II Cas nuclease is a Cas9 from
Streptococcus pyogenes wherein the Cas9 is modified at the N-terminus with at least one negatively
charged moiety and modified at the C-terminus with a nuclear localization signal (NLS), a chloroplast
transit peptide (CTP), or a mitochondrial targeting peptide (MTP). In embodiments, the type 11 Cas
nuclease is a Cas9 from Strepfococcus pyogenes wherein the Cas9 is modified at the N-terminus with
a polyglutamate peptide and modified at the C-terminus with a nuclear localization signal (NLS). In
embodiments, the gold nanoparticle has at least one modification selected from the group consisting
of: (a) modification with positively charged moicties; (b) modification with at least one moiety
carrying a positively charged amine; (¢) modification with at least one polyamine; (d) modification
with at least one lysine residue, at least one histidine residue, at least one arginine residue, at least one
guanidine, or a combination thereof. Specific embodiments include those wherein: (a) the sequence-
specific nuclease is a type Il Cas nuclease modified at the N-terminus with at least one negatively
charged moiety and modified at the C-terminus with a nuclear localization signal (NLS), a chloroplast
transit peptide (CTP), or a mitochondrial targeting peptide (MTP); and the gold nanoparticle is
modified with at least one positively charged moiety; (b) the type II Cas nuclease is a Cas9 from
Streptococcus pyogenes modified at the N-terminus with a polyglutamate peptide and modified at the
C-terminus with a nuclear localization signal (NLS); and the gold nanoparticle is modified with at
least one at least one lysine residue, at least one histidine residue, at least one arginine residue, at least
one guaniding, or a combination thereof, (c) the type II Cas nuclease is a Cas9 from Streprococcus
pyvogenes modified at the N-terminus with a polyglutamate peptide that includes at least 15 glutamate
residues and modified at the C-terminus with a nuclear localization signal (NLS); and wherein the
gold nanoparticle is modified with at least one at least one lysine residue, at least one histidine
residue, at least one arginine residue, at least one guanidine, or a combination thercof. In a specific
embodiment, at least one double-strand break (DSB) is introduced in a genome in a plant cell or plant
protoplast, by contacting the plant cell or plant protoplast with a composition including a sequence-
specific nuclease complexed with a gold nanoparticle, wherein the sequence-specific nuclease is a
Cas9 from Streptococcus pyogenes modified at the N-terminus with a polyglutamate peptide that
includes at least 15 glutamate residues and modified at the C-terminus with a nuclear localization
signal (NLS); and wherein the gold nanoparticle is in the form of cationic arginine gold nanoparticles
(ArgNPs), and wherein when the modified Cas9 and the ArgNPs are mixed, self-assembled
nanoassemblies are formed as described in Mout ef al. (2017) ACS Nano,
doi:10.1021/acsnano.6b07600. Other embodiments contemplated herein include the various
nanoparticle-protein complexes (e. g., amine-bearing nanoparticles complexed with carboxylate-
bearing proteins) described in International Patent Application PCT/US2016/015711, published as
International Patent Application Publication W02016/123514, which claims priority to US
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Provisional Patent Applications 62/109,389, 62/132,798, and 62/169,805, all of which patent
applications are incorporated in their entirety by reference herein.

[0412] In embodiments, the sequence-specific nuclease is an RNA-guided DNA endonuclease,
such as a type II Cas nuclease, and the composition further includes at least one guide RNA (gRNA)
for an RNA-guided nuclease, or a DNA encoding a gRNA for an RNA-guided nuclease. The method
effects the introduction of at least one double-strand break (DSB) in a genome in a plant cell or plant
protoplast; in embodiments, the genome is that of the plant cell or plant protoplast; in embodiments,
the genome is that of a nucleus, mitochondrion, plastid, or endosymbiont in the plant cell or plant
protoplast. In embodiments, the at least one double-strand break (DSB) is introduced into coding
sequence, non-coding sequence, or a combination of coding and non-coding sequence. In
embodiments, the plant cell or plant protoplast is a plant cell in an intact plant or seedling or plantlet,
a plant tissue, seed, embryo, meristem, germline cells, callus, or a suspension of plant cells or plant
protoplasts.

[0413] In embodiments, at least one dsDNA molecule is also provided to the plant cell or plant
protoplast, and is integrated at the site of at least one DSB or at the location where genomic sequence
1s deleted between two DSBs. Embodiments include those wherein: (a) the at least one DSB is two
blunt-ended DSBs, resulting in deletion of genomic sequence between the two blunt-ended DSBs, and
wherein the dsDNA molecule is blunt-ended and is integrated into the genome between the two blunt-
ended DSBs; (b) the at least one DSB is two DSBs, wherein the first DSB is blunt-ended and the
second DSB has an overhang, resulting in deletion of genomic sequence between the two DSBs, and
wherein the dsDNA molecule is blunt-ended at one terminus and has an overhang on the other
terminus, and is integrated into the genome between the two DSBs; (¢) the at least one DSB is two
DSBs, each having an overhang, resulting in deletion of genomic sequence between the two DSBs,
and wherein the dsDNA molecule has an overhang at each terminus and is integrated into the genome
between the two DSBs.

[0414] In a non-limiting example, self-assembled green fluorescent protein (GFP)/cationic
arginine gold nanoparticles (ArgNPs), nanoassemblies are prepared as described in International
Patent Application Publication W02016/123514. The GFP/ArgNP nanoassemblies are delivered to
maize protoplasts and to kale protoplasts prepared as described in Example 1, and to protoplasts
prepared from the Black Mexican Sweet (BMS) maize cell line. Efficiency of transfection or delivery
is assessed by fluorescence microscopy at time points after transfection (30 minutes, 1 hour, 3 hours,
6 hours, and overnight).

[0415] In a non-limiting example, self-assembled GFP/cationic arginine gold nanoparticles
(ArgNPs), nanoassemblics are prepared as described in International Patent Application Publication
WO02016/123514. The GFP/ArgNP nanoassemblics are co-incubated with plant cells in suspension
culture. Efficiency of transfection or delivery across the plant cell wall is assessed by fluorescence

microscopy at time points after transfection (30 minutes, 1 hour, 3 hours, 6 hours, and overnight).
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[0416] In a non-limiting example, self-assembled GFP/cationic arginine gold nanoparticles
(ArgNPs), nanoassemblics are prepared as described in International Patent Application Publication
WO02016/123514. The GFP/ArgNP nanoassemblies are further prepared for Biolistics or particle
bombardment and thus delivered to plant cells from suspension cultures transferred to semi-solid or
solid media, as well as to rice embryogenic callus. Efficiency of transfection or delivery across the
plant cell wall is assessed by fluorescence microscopy at time points after transfection (30 minutes, 1
hour, 3 hours, 6 hours, and overnight).

[0417] In a non-limiting example, self-assembled GFP/cationic arginine gold nanoparticles
(ArgNPs), nanoassemblics are prepared as described in International Patent Application Publication
WO02016/123514. The GFP/ArgNP nanoassemblics are delivered by infiltration (e. g., using mild
positive pressure or negative pressure) into leaves of Arabidopsis thaliana plants. Efficiency of
transfection or delivery across the plant cell wall is assessed by fluorescence microscopy at time
points after transfection (30 minutes, 1 hour, 3 hours, 6 hours, and overnight).

[0418] In a non-limiting example, self-assembled Cas9/ArgNP nanoassemblies are prepared as
described in Mout ef al. (2017) ACS Nano, doi:10.1021/acsnano.6b07600 or alternatively as described
in International Patent Application Publication W02016/123514, by mixing a Cas9 from
Streptococcus pyogenes modified at the N-terminus with a polyglutamate peptide that includes at least
15 glutamate residues and modified at the C-terminus with a nuclear localization signal (NLS) with
cationic arginine gold nanoparticles (ArgNPs). The Cas9/ArgNP nanoassemblies are delivered to
maize protoplasts or to kale protoplasts prepared as described in Example 1, and to protoplasts
prepared from the Black Mexican Sweet (BMS) maize cell line. In one variation of the procedure, the
Cas9/ArgNP nanoassemblies are co-delivered with at least one guide RNA (such as those described in
Examples, 4, 5, 8,9, 10, 12, and 13) to the protoplasts. In other variations of the procedure, the self-
assembled Cas9/ArgNP nanoassemblies are prepared with at least one guide RNA to allow the
modified Cas9 to form a ribonucleoprotein (RNP) either prior to or after formation of the
nanoassemblies; the self-assembled RNP/ArgNP nanoassemblies are then delivered to the protoplasts.
Efficiency of editing is assessed by any suitable method such as a heteroduplex cleavage assay or by
sequencing, as described elsewhere in this disclosure.

[0419] In a non-limiting example, self-assembled Cas9/ArgNP nanoassemblies are prepared as
described in Mout ef al. (2017) ACS Nano, doi:10.1021/acsnano.6b07600 or alternatively as described
in International Patent Application Publication W02016/123514, by mixing a Cas9 from
Streptococcus pyogenes modified at the N-terminus with a polyglutamate peptide that includes at least
15 glutamate residues and modified at the C-terminus with a nuclear localization signal (NLS) with
cationic arginine gold nanoparticles (ArgNPs). The Cas9/ArgNP nanoassemblies are co-incubated
with plant cells in suspension culture. In one variation of the procedure, the Cas9/ArgNP
nanoassemblies are co-delivered with at least one guide RNA (such as those described in Examples, 4,

5, 8,9, 10, 12, and 13) to the plant cells in suspension culture. In other variations of the procedure,
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the self-assembled Cas9/ArgNP nanoassemblies are prepared with at least one guide RNA to allow
the modified Cas9 to form a ribonucleoprotein (RNP) either prior to or after formation of the
nanoassemblies; the self-assembled RNP/ArgNP nanoassemblies are then delivered to the plant cells
in suspension culture. Efficiency of editing is assessed by any suitable method such as a heteroduplex
cleavage assay or by sequencing, as described elsewhere in this disclosure.

[0420] In a non-limiting example, self-assembled Cas9/ArgNP nanoassemblies are prepared as
described in Mout ef al. (2017) ACS Nano, doi:10.1021/acsnano.6b07600 or alternatively as described
in International Patent Application Publication W02016/123514, by mixing a Cas9 from
Streptococcus pyogenes modified at the N-terminus with a polyglutamate peptide that includes at least
15 glutamate residues and modified at the C-terminus with a nuclear localization signal (NLS) with
cationic arginine gold nanoparticles (ArgNPs). The Cas9/ArgNP nanoassemblics are further prepared
for Biolistics or particle bombardment and thus delivered to plant cells from suspension cultures
transferred to semi-solid or solid media, as well as to rice embryogenic callus. In one variation of the
procedure, the Cas9/ArgNP nanoassemblies are co-delivered with at least one guide RNA (such as
those described in Examples, 4, 5, 8, 9, 10, 12, and 13) to the plant cells or callus. In other variations
of the procedure, the self-assembled Cas9/ArgNP nanoassemblies are prepared with at least one guide
RNA to allow the modified Cas9 to form a ribonucleoprotein (RNP) either prior to or after formation
of the nanoassemblies; the self-assembled RNP/ArgNP nanoassemblies are then delivered to the plant
cells or callus. Efficiency of editing is assessed by any suitable method such as a heteroduplex
cleavage assay or by sequencing, as described elsewhere in this disclosure.

[0421] In a non-limiting example, self-assembled Cas9/ArgNP nanoassemblies are prepared as
described in Mout ef al. (2017) ACS Nano, doi:10.1021/acsnano.6b07600 or alternatively as described
in International Patent Application Publication W02016/123514, by mixing a Cas9 from
Streptococcus pyogenes modified at the N-terminus with a polyglutamate peptide that includes at least
15 glutamate residues and modified at the C-terminus with a nuclear localization signal (NLS) with
cationic arginine gold nanoparticles (ArgNPs). The Cas9/ArgNP nanoassemblies are delivered by
infiltration (e. g., using mild positive pressure or negative pressure) into leaves of Arabidopsis
thaliana plants. In one variation of the procedure, the Cas9/ArgNP nanoassemblies are co-delivered
with at least one guide RNA (such as those described in Examples, 4, 5, 8, 9, 10, 12, and 13) to the
Arabidopsis leaves. In other variations of the procedure, the self-assembled Cas9/ArgNP
nanoassemblies are prepared with at least one guide RNA to allow the modified Cas9 to form a
ribonucleoprotein (RNP) either prior to or after formation of the nanoassemblies; the self-assembled
RNP/ArgNP nanoassemblies are then delivered to the Arabidopsis leaves. Efficiency of editing is
assessed by any suitable method such as a heteroduplex cleavage assay or by sequencing, as described
clsewhere in this disclosure.

[0422] One of skill in the art would recognize that alternatives to the above compositions and

procedures can be used to edit plant cells and intact plants, tissues, seeds, and callus. In
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embodiments, nanoassemblies are made using other sequence-specific nucleases (e. g., zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TAL-effector nucleases or
TALENS), Argonaute proteins, or a meganuclease or engineered meganuclease) which can be
similarly charge-modified. In embodiments, nanoassemblies are made using other nanoparticles (e.
2., nanoparticles made of materials such as carbon, silicon, silicon carbide, gold, tungsten, polymers,
ceramics, iron oxide, or cobalt ferrite) which can be similarly charge-modified in order to form non-
covalent complexes with the charge-modified sequence-specific nuclease. Similar nanoassemblies
including other polypeptides (e. g., phosphatases, hydrolases, oxidoreductases, transferases, lyases,
recombinases, polymerases, ligases, and isomerases) or polynucleotides or a combination of
polypeptides and polynucleotides are made using similar charge modification methods to enable non-
covalent complexation with charge-modified nanoparticles. For example, similar nanoassemblies are
made by complexing charge-modified nanoparticles with one or more polypeptides or
ribonucleoproteins including at least one functional domain selected from the group consisting of:
transposase domains, integrase domains, recombinase domains, resolvase domains, invertase
domains, protease domains, DNA methyltransferase domains, DNA hydroxylmethylase domains,
DNA demethylase domains, histone acetylase domains, histone deacetylase domains, nuclease
domains, repressor domains, activator domains, nuclear-localization signal domains, transcription-
regulatory protein (or transcription complex recruiting) domains, cellular uptake activity associated
domains, nucleic acid binding domains, antibody presentation domains, histone modifying enzymes,
recruiter of histone modifying enzymes, inhibitor of histone modifying enzymes, histone
methyltransferases, histone demethylases, histone kinases, histone phosphatases, histone ribosylases,
histone deribosylases, histone ubiquitinases, histone deubiquitinases, histone biotinases, and histone
tail proteases.

Example 46

[0423] This example illustrates a method of simultaneously effecting multiple modifications in a
genome (4. e., multiple modifications of at least one sequence of interest in a genome), comprising
introducing at least two DSBs into a genome by one or more nucleases, and, optionally, integrating at
least one sequence encoded by a polynucleotide (such as a double-stranded DNA, a single-stranded
DNA, a single-stranded DNA/RNA hybrid, or a double-stranded DNA/RNA hybrid) molecule at one
or more DSBs. In embodiments, the modifications are effected in two or more sequences or genes of
interest. More specifically, this non-limiting example illustrates using multiple different
ribonucleoproteins (RNPs), wherein each RNP includes a guide RNA (gRNA) and a nuclease, to
effect multiple DSBs in the genome of a monocot plant, and integration of a sequence encoded by a
double-stranded DNA (dsDNA) donor molecule at the location of the multiple DSBs. In this
example, two endogenous maize (Zea mays) sequences or genes of interest, Le (see Examples 9, 12,
14, and 15) and ADH1 (see Example 4), were selected for modification by insertion of an expression-

enhancing element at a DSB located in the promoter region of each gene.
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[0424] The target genes selected for editing were the maize (Zea mays) alcohol dehydrogenase
ADHI (see www]|dot]maizegdb|[dot]org/gene center/gene/GRMZM2G442658) with the partial
genomic sequence of SEQ ID NO:21 (see Example 4), and the maize (Zea mays) Lc gene (see
www]|dot]maizegdb[dot]org/gene center/gene/GRMZMS5G822829) with the partial promoter
sequence of SEQ ID NO:305 (sece Example 9).

[0425] Ribonucleoproteins (RNPs) were prepared with Cas9 nuclease (Aldevron, Fargo, ND)
and guide RNA complexes. Two guide RNA complexes were made with a crRNA and a tracrRNA
(crRNAs and tracrRNA were purchased from Integrated DNA Technologies, Coralville, TA); the first
guide RNA complex used a crRNA (Zm ADH1-B) having the sequence of SEQ ID NO:23 (see
Example 4) and the second guide RNA complex used a crRNA (ZmLc-Pro3) having the sequence of
SEQ ID NO:334 (see Example 12). An expression-enhancing element in the form of the 34 base-pair
dsDNA molecule “3xDR5” (with strands having the sequences of SEQ ID NO:306 and SEQ ID
NO:307), which contains three copies of an auxin response element (SEQ ID NO:308), as described
in Example 9, was purchased from Integrated DNA Technologies, Coralville, IA; each strand was
phosphorylated on the 5° end and contained two phosphorothioate linkages at each terminus (i. e., the
two linkages between the most distal three bases on either end of the strand).

[0426] Maize B73 protoplasts were prepared as described in, e. g., Examples 1, 4, 8,9, 12, 15,
and 16. Following the same general procedures described above (e. g., Examples 4, 8, 9, 12, 15, 16,
and 20 — 23), the protoplasts were transfected with the RNPs (including the guide RNA complexes),
with or without the dsDNA molecule “3xDR5”. Transfections were carried out to deliver the same
molar quantity of RNP for each genomic locus targetted for modification. Samples transfected with
both the RNP containing the ZmADH1-B guide RNA complex and the RNP containing the ZmLc-
Pro3 guide complex were thus transfected with twice the amount of nuclease (provided as RNP) as
the samples that were transfected with only a single RNP (containing either the ZmADH]1-B guide
RNA complex or the ZmLc-Pro3 guide complex). Maize protoplasts treated with no nuclease, no
guide RNA complex, and no dsDNA served as a null control. The transformed protoplasts were then
incubated for about 48 hours in a maize incubation buffer including the herbicide 2, 4-
dichlorophenoxyacetic acid (“2,4-D”), which has auxin-like properties. Next-generation sequencing
(NGS) analysis was used for quantitation of editing efficiency and efficiency of integration of the
“3xDR5” sequence into the maize genome. Results are provided in Table 28. Editing efficiency is
expressed as the percentage of the total population of cells in which a DSB is correctly induced in the
genome, 1. e., wherein the DSB is correctly effected at the locus targeted by the crRNA. Insertion
efficiency is expressed as the percentage of the total population of cells in which the “3xDR5”
sequence is inserted at the correct locus in the genome, i. e., inserted at the locus targeted by the
crRNA. Based on the NGS sequencing results, editing efficiency was nearly 60% (i. e., nearly 60% of
the total cell population subjected to the editing treatment) for either of the RNPs used, whether or not

the polynucleotide donor molecule was provided. Insertion efficiency was about 21% of the total cell
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population treated with the single ADHI1-B RNP and the “3xDR5” donor (i. e., about 37% of the cells
that contained a DSB at the correct locus also contained the “3xDR5” sequence), and about 25% of
the total cell population treated with the single Lc-Pro3 RNP and the “3xDR5™ donor (i. e., about 44%
of the cells that contained a DSB at the correct locus also contained the “3xDR5” sequence). In the
case of cells treated with both RNPs and the “3xDR5” donor, insertion efficiency was about 27% at
the ADHI locus and about 29% at the Lc locus. These data demonstrate a consistent over-all editing
efficiency of approximately 60% of the total cell population and a consistent over-all insertion
efficiency of approximately 25% of the total cell population (which is equivalent to approximately
40% of the cells that contained a DSB at the correct locus). The data indicate that simultaneous
multiple modifications (integration of a dsSDNA at a DSB in two different genes) in the maize
protoplasts” genome was effected at about the same efficiency as a modification in one of the genes
individually, as the editing and insertion efficiencies were approximately the same as those observed

for modification carried out in an individual gene.

Table 28
Treatment ADHI1 Lc
RNP Polynucleotide | Editing | Insertion DSB Editing | Insertion DSB
donor efficiency | efficiency with efficiency | efficiency with
molecule 3xDRS5 3xDRS
insertion insertion
Null none 0 0 0 0 0 0
ADHI1-B 3xDRS5 57.17 20.94 36.6% 0 0 0
Lc-Pro3 3xDR5 0 0 0 59.74 24.83 41.6%
ADHI1-B + none 55.83 0 0 65.24 0 0
Lc-Pro3
ADHI1-B + 3xDR5 61.58 27.13 44.1% 67.73 29.31 43.3%
Lc-Pro3

[0427] One of skill in the art would recognize that simultaneously effecting multiple DSBs in a
genome (e. g., effecting multiple DSBs in a sequence of interest or effecting at least one DSB in each
of two or more sequences of interest) can be achieved with alternative methods (e. g., use of CRISPR
nucleases other than Cas9, such as CasX, CasY, and Cpfl, zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TAL-effector nucleases or TALENS), Argonaute proteins, or a
meganuclease or engineered meganuclease) and thus similar embodiments of the approach described
herein include use of any of these methods for simultaneously effecting multiple DSBs in a genome,
and, optionally, integrating a sequence encoded by at least one polynucleotide molecule at one or
more DSBs.

[0428] Additional experiments can be carried out with the same editing reagents in a plant/plant
tissue, e. g., using microinjection or biolistics as described in Examples 49-51 and 54. A one-step
delivery method can be used to achieve multiplexed edits (multiple modifications) with the same

polynucleotide donor to target different genes. For insertion of different polynucleotide donor
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sequences using the same nuclease (e. g. Cas9 or Cpfl), sequential steps for delivery of different
combinations of reagents with a 30 min to 48 h gap between the steps can be used. For insertion of
different polynucleotide donor sequences using different nucleases (e. g. Cas9 and Cpfl), a one-step
delivery method can be used, for example, with a blunt-ended double-stranded polynucleotide donor

for Cas9 and a double-stranded polynucleotide donor containing overhangs for Cpfl.

Example 47

[0429] As described herein, microinjection techniques can be used as an alternative to the
methods for delivering effector molecules or targeting agents to protoplasts as described, €.g., in
certain Examples above. Microinjection is typically used to target specific cells in isolated embryo
sacs or the shoot apical meristem. See, e.g., US Pat 6,300,543, incorporated by reference herein. For
example, an injector attached to a Narashige manipulator on a dissecting microscope is adequate
because the cells to be microinjected are relatively large (e.g., the egg/synergids/zygote and the
central cell). For smaller cells, such as those of the embryo, a compound, inverted microscope with an
attached Narashige manipulator is used. Injection pipette diameter and bevel are also important. Use a
high quality pipette puller and beveler to prepare needles with adequate strength, flexibility and pore
diameter. These will vary depending on the cargo being delivered to cells. The volume of fluid to be
microinjected must be exceedingly small and must be carefully controlled. An Eppendorf Transjector
yields consistent results (Laurie ef al., 1999).

[0430] The genetic cargo can be RNA, DNA, protein or a combination thercof. The cargo can be
designed to change one aspect of the target genome or many. The concentration of each cargo
component will vary depending on the nature of the manipulation. Typical cargo volumes can vary
from 2-20 nanoliters. After microinjection the embryos are maintained on an appropriate media alone
(e.g., sterile MS medium with 10% sucrose) or supplemented with a feeder culture. Plantlets are
transferred to fresh MS media every two weeks and to larger containers as they grow. Plantlets with a
well-developed root system are transferred to soil and maintained in high-humidity for 5 days to
acclimate. Plants are gradually exposed to the air and cultivated to reproductive maturity.

[0431] Microinjection of corn embryos: The cobs and tassels are immediately bagged when they

appear to prevent pollination. To obtain zygote-containing maize embryo sacs, hand pollination of
silks is performed when the silks are 6-10 cm long, the pollinated ears are bagged and tassels
removed, and then ears are harvested at 16 hours later. After removing husks and silks, the cobs are
cut transversely into 3 cm segments. The segments are surface sterilized in 70% ethanol and then
rinsed in sterile distilled, deionized water. Ovaries are then removed and prepared for sectioning. The
initial preparation may include mechanical removal of the ovarian wall, but this may not be required.
[0432] Once the ovaries have been removed, they are attached to a Vibratome sectioning block,
an instrument designed to produce histological sections without chemical fixation or embedment. The

critical attachment step is accomplished using a commercial adhesive such as Locktite cement.
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Nommally 2-3 pairs of ovaries are attached on each sterile sectioning block with the adaxial ovarian
surface facing upwards and perpendicular to the longitudinal axis of the rectangular sectioning block
(Laurie et al., In Vitro Cell Dev Biol., 35: 320-325, 1999). Ovarian sections (or "nucellar slabs") are
obtained at a thickness of 200 to 400 micrometers. Ideal section thickness is 200 micrometers. The
embryo sac will remain viable if it is not cut. The sections are collected with fine forceps and
evaluated on a dissecting microscope with basal illumination. Sections with an intact embryo sac are
placed on semi-solid Murashige-Skoog (MS) culture medium (Campenot ef al., 1992) containing 15%
sucrose and 0.1 mg/L benzylaminopurine. Sterile Petriplates containing semi-solid MS medium and
nucellar slabs are then placed in an incubator maintained at 26°C. These can be monitored visually by
removing plates from the incubator and examining the nucellar slabs with a dissecting microscope in a
laminar flow hood.

[0433] Microinjection of soy embryonic axes: Mature soybean seeds are surface sterilized using

chlorine gas. The gas is cleared by air flow in a sterile, laminar flow hood. Seeds are wetted with 70%
ethanol for 30 seconds and rinsed with sterile distilled, deionized water then incubated in sterile
distilled, deionized water for 30 minutes to 12 hours. The embryonic axes are carefully removed from
the cotyledons and placed in MS media with the radicle oriented downwards and the apex exposed to
air. The embryonic leaves are carefully removed with fine tweezers to expose the shoot apical

meristem.

Example 48

[0434] This example illustrates increasing gene expression by integration of a transcription factor
binding site. More specifically, this example illustrates insertion of the E2F binding site in the L¢
(Gene ID: GRMZM5G822829) promoter.

[0435] The ZmE2F donor polynucleotide included four copies of an E2F binding site. The
sequence of the E2F binding site monomer is TTTCCCGC (SEQ ID NO:201). The ZmE2F donor
polynucleotide dsDNA had a first strand sequence of
TTTCCCGCTTTCCCGCTTTCCCGCTTTCCCGC (SEQ ID NO:433) and a second strand with the
sequence GCGGGAAAGCGGGAAAGCGGGAAAGCGGGAAA (SEQ ID NO:434); cach strand
was phosphorylated on the 5° end and contained two phosphorothioate linkages at the 5° terminus (.
e., the two linkages between the most distal three bases at the 5” end of the strand). The crRNA of
LcPro-3 had a sequence of CUCCAAGUGACCGAGCAAGAGUUUUAGAGCUAUGCU (SEQ ID
NO: 334). In some conditions, we also overexpressed ZmE2F4 by co-transfection of HBT-ZmE2F4
(a vector containing the coding sequence of ZmE2F4 (see

www]|dot|maizegdb|dot]org/gene center/gene/Zm00001d016737) driven by the 35S promoter). The
coding sequence of ZmE2F4 is provided as SEQ ID NO:435.
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Maize protoplasts were prepared as described as in Example 1. Preparation of reagents,

gene editing procedures, and detection of gene modifications were carried out using procedures

similar to those described in Examples 20 — 23.

[0437]

Four 10cm plates were pre-coated with 5% calf serum. The gRNA-tracrRNA duplex was

prepared by mixing 45ul. of ZmLcPro3 with 45uL. of tracrRNA and heating the mixture to 95°C for 5

minutes. The mixture was then allowed to cool to room temperature. The E2F binding site was

prepared by mixing 100uL of ZmE2F BS-F and 100pL ZmE2F BS-R and heating the mixture to

95°C for 5 minutes. The mixture was then allowed to cool to room temperature. Before transfection

15uLL Cas9 protein was added to the duplexing mix and incubated at room temperature for 5 minutes.

The setup of reagents is shown in Table 29.

Table 29

Name

Salmon Sperm

E2F BS

ZmE2F

Buffer

RNP only

35

100

RNP + binding site

35

50

50

RNP + binding site + E2F

35

50

50

NS EUS T | NG Sy v o

Empty

S NN N

137

[0438]

Maize B73 protoplasts were prepared from etiolated leaves. ImL of cells each and the

reagents as prepared in Table 29 were added to four 15mL round bottom tubes. 1.2mL of PEG was

added each tube. The content in each tube was mixed and incubated at RT for 5 minutes. The reaction

was stopped with SmL of maize washing buffer. The cells were washed by centrifugation and

resuspension. The maize protoplast cells resuspended in 6mL of maize washing buffer were plated

onto 10cm plate pre-coated with calf serum and was incubated at 37°C for 30 min to 1 hour. The

extended incubation of cells was under 27°C. The cells were harvested 48 hours after transfection for

qPCR readout.
[0439]

mixtures 1s show in Table 30.

Table 30

The relative expression of Lc gene in maize protoplasts transfected with different reaction

Sample #

Sample Name

Avg Relative Expression

STDEV

1

RNP only

1.60

0.11

RNP + binding site

3.54

0.04

RNP + binding site + E2F

8.78

0.13

2
3
4

Empty

1.00

0.05

[0440]

Induction of Lc expression was observed with the insertion of the E2F binding site only.

However, co-transfection of the transcription factor E2F4 led to additional increase of the expression

of Lc¢ gene.
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[0441] To confirm E2F transcription factors were expressed in leaf protoplast cells and the
expression of ZmE2F4 from transfected plasmid HBT-ZmE2F4, gPCR was conducted with the
primers specifically amplifying ZmE2F4. The relative expression levels of ZmE2F4 are listed in
Table 31.

Table 31
Sample Relative expression * SD
1 | Empty 0.18 0.01
2 | RNP only 0.16 0.01
3 | RNP + binding site 0.15 0.01
4 | RNP + binding site+ E2F4 0.61 0.08

* Comparison of the transcripts level of E2F4 to that of the house keeping gene Actin.

[0442] This further indicates that the induction of L¢ with E2F binding site insertion in the
promoter region was due to the existence of E2F transcription factors in protoplast cells and
overexpression of ZmE2F4 enhanced the expression of Lc by binding to the E2F binding sites

inserted in the promoter.

Example 49

[0443] This example illustrates biolistic delivery of effector molecules into the maize embryo.
More specifically, this example illustrates biolistic delivery of anthocyanin regulatory Lc editing
reagents to the maize B73 inbred.

[0444] RNA guided nuclease (SpCas9), gene specific guide RNA (gRNA), ZmLc Pro-3 (SEQ
ID NO:334) and double-stranded oligonucleotide 3xDRS (with strands having the sequences of SEQ
ID NO:306 and SEQ ID NO:307) were used as editing reagents for oligo insertion to increase the
expression of the maize Lc gene which is responsible for tissue specific anthocyanin biosynthesis.
Reagents were delivered to immature (11DAP) zygotic embryo scutellum cells of maize inbred B73.
The gRNA used was previously validated in vivo in protoplasts.

[0445] Sample preparation: Immature (11 days after pollination) ears of maize inbred B73 were

surface sterilized in a laminar flow cabinet with 6% sodium hypochlorite and one drop of Tween-20®
for 20 minutes and rinsed 3 times with sterile water. To excise an immature zygotic embryo (IZE), a
scalpel blade was used to trim off about 3mm from the tip of the kernel crown. Next, a micro spatula
was inserted between the endosperm and pericarp to pop the endosperm out of the seed coat and
gently nudge the IZE (nested in the endosperm) onto the spatula tip. The embryo (approximately 1.8—
2.0mm long) was immediately transferred to filter paper placed on embryo pre-culture medium and
incubated at 26°C £+ 2°C in a dark growth incubator for 2-3 days prior to bombardment.

[0446] Gold microparticle coating with RNP: Complexed RNP (Cas9 and sgRNA ZmlLc¢ Pro-3)

were co-delivered with a double-stranded oligonucleotides (3xDRS5) to scutella cells in maize B73

inbred immature zygotic embryos using 1pm gold microparticle carriers. Pre-sterilized (100% ethanol
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wash for 20 minutes followed by ice cold sterile-water wash) 1 um gold microparticles stored at —
20°C in 1x aliquot were thawed at 4°C and sonicated for 30 seconds. The gold coating reaction was
performed by adding 10ul. RNP complex comprising 7uL. CRISPR gRNA duplex (crRNA and
tracrRNA) to 3ul. Cas9 (Aldevron) and 8ul. (100uM) double-stranded donor oligonucleotides
(3xDR5) and allowed to incubate for 6 minutes at room temperature. The reagents were added to a
single 50 uL.1x gold suspension and mixed gently by pipetting up and down. Next, 50 uL. Calcium
Chloride (2.5M) and 20 puL Spermidine (0.2M) were added to the gold-RNP mixture and immediately
placed on a shaking vortex at a speed of 1000 rpm for at least 5 minutes. The mixture was allowed to
settle for 5-10 minutes, then centrifuged briefly for 30 seconds at 2900 rpm and followed by removal
of supernatant and resuspension of RNP coated gold pellet in 250uL ice cold 100% ethanol. The gold
particle mixture was allowed to settle for 5 minutes and centrifuged as described above. The
supernatant was carefully removed, and the pellet was resuspended in 80uL ice cold ethanol. The
RNP coated gold suspension was placed on a vortex shaker at a low speed (300 rpm) to prevent
aggregation of the gold particles prior to loading onto the microcarrier.

[0447] RNP Bombardment: The microcarrier was soaked in 70% ethanol for 10 minutes and air-

dried for at least 3 hours or until completely dried for sterilization. The RNP coated gold coated
particles were loaded (10ulL/shot) onto a sterilized microcarrier and allowed to dry for about 5-10
minutes. The macrocarrier assembly, rupture disk holder and sample plates were loaded into the gun
chamber, and secured according to the manufactures instructions for the PDS 1000/He biolistic®
particle delivery system (Bio-Rad, Hercules, CA). To prepare the cells for bombardment, immature
embryos were transferred to an osmotic medium (with the scutellum side up) containing 37g/L each
of mannitol and sorbitol for a duration of 4 hours prior to bombardment. The following gene gun
settings were used for gold particle delivery: sample target distance: 6¢cm, vacuum pressure: 29mmHg,
rupture disc: 900 psi. Bombarded samples were transferred to embryo pre-culture media and placed in
a dark incubator. Bombarded embryos were sampled to for genotype the edited sites 10 days after
bombardment.

[0448] DNA extraction and T7E1 assay: Genomic DNA was extracted from bombarded B73
immature embryos using a modified CTAB DNA miniprep method. DNA concentration and quality
were assessed using a nanodrop spectrophotometer and gel electrophoresis on 1% TAE agarose. The
genomic DNA was analyzed by T7E1 assay and amplicon sequencing. The details of the T7E1 assay
and amplicon sequencing are as described in the preceding Examples.

[0449] 35.2% of whole reads were edited and 12.5% of whole reads showed an insertion, with
6.7% in forward direction and 5.8% in reverse direction. 0.87% of whole reads showed a perfect
insertion in forward direction without unintended changes around the cut site and 1.81% of whole
reads showed a perfect insertion in the reverse direction without unintended change around the cut

site.
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Example 50

[0450] The following describes direct delivery by microinjection of effector molecules (e. g., at
least one crRNA or sgRNA or a polynucleotide encoding at least one crRNA or sgRNA or an RNA-
guided nuclease or a polynucleotide that encodes the RNA-guided nuclease) directly into maize (Zea
mays) zygotes; the embryos are isolated and allowed to shoot, and the resulting maize plants
containing the desired genomic edit or alteration of the target nucleotide sequence are subsequently
identified. The methods described do not employ the common techniques of bacterially mediated
transformation (e. g., by Agrobacterium sp.) or biolistics.

[0451] A non-limiting example of a microinjection protocol utilizes maize B73 fertilized cobs
(ears) (collected 1 day after pollination). All steps of this protocol are performed under a laminal flow
hood. Husks and silks are removed from the cobs. The cobs are transversely cut into approximately
3-centimeter segments with the top and bottom two centimeters of each cob discarded. The segments
are surface-sterilized for 10 minutes with 70% ethanol followed by three one minute washes in
distilled, sterile water.

[0452] Ethanol-sterilized fifty-milliliter tube caps are used as specimen mounting blocks, to
which two rows of 4-5 ovaries each cut from the prepared cob slices are glued with a thin layer of
fast-acting adhesive (e. g., Loctite Control Gel Premium Super Glue); one row of ovaries is mounted
facing the other pair’s basal end. The mounted ovaries are attached to a modified specimen tray of a
Vibratome (PELCO easiSlicer™, Ted Pella, Inc.) with the stylar ends facing the blade. Two-hundred
twenty micrometer sections are sliced from the ovary surface. Sections that contain embryo sacs are
collected for microinjection on MMIM (modified maize induction medium). To prepare MMIM, 2.2
g Murashige and Skoog (MS) medium, 50 g sucrose, 10 g mannitol, and 2.5 g Phytagel are dissolved
in 500 milliliters water and adjusted to pH 5.8; after autoclaving, indole acetic acid or 1-
naphthaleneacetic acid (0.1 milligrams/liter final concentration), 6-benzylaminopurine (0.5
milligrams/liter final concentration), and vitamins (1x final concentration) are added just prior to
polymerization.

[0453] A ribonucleoprotein (RNP) complex is prepared with Cas9 nuclease and
crRNA/tractRNA or sgRNA as described elsewhere in this application. For delivery by
microinjection, a microinjection mixture containing the RNP complex is prepared by taking a volume
(e. g., 30 microliters) of the RNP solution and adding sufficient 10x Cas9 reaction buffer (20
millimolar HEPES, 1 molar NaCl, 50 millimolar MgCl2, 1 millimolar EDTA) to yield a 1x buffer
concentration in the final mixture. The microinjection mixture is centrifuged through a Millipore
filter (UFC30VV25) at 13,000 rpm for 10 minutes at room temperature.

[0454] For microinjection of the maize zygotes, 2.5 microliters of the filtered injection mix are
loaded into a borosilicate needle (catalogue number G100F-4, Wamner Instruments, Hamden, CT),
previously pulled with a P1000 micropipette puller (Sutter Instrument, Novato, CA) with the
following settings: Heat: Ramp-20; Pull: 140; Velocity: 70; Delay: 200; Pressure: 510; Ramp:
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499. The needle is opened with a micropipette beveller (BV-10, Sutter Instrument, Novato, CA) with
an angle of 35 degrees. The egg apparatus is visualized with basal illumination using a fluorescence
stereoscope (model SMZ18, Nikon, Tokyo, Japan). The injection mix is injected into the egg
apparatus using a FemtoJet 41 with a PatchMan micromanipulator (both from Eppendorf, Hauppauge,
NY). Embryo sacs are recovered in MMIM medium. The embryos are kept in the dark at 26 degrees
Celsius until shoots form, and then kept in the light at 26 degrees Celsius. Shoots thus produced are
optionally grown under selection conditions if selection by expression of the predicted phenotype (e.
2., resistance to selection pressure) is desired. Surviving maize seedlings are grown to maturity and
the presence of the intended genome modification is determined by molecular analysis of the resulting
seeds and seedlings.

[0455] One of skill in the art would recognize that there are alternative reagents and
compositions including such reagents that are useful for introducing alterations or edits into the
genome (e. g., use of CRISPR nucleases other than Cas9, such as CasX, CasY, and Cpfl, zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TAL-effector nucleases or
TALENS), Argonaute proteins, or a meganuclease or engineered meganuclease) and thus similar
embodiments of the microinjection technique described herein include use of any of these reagents.
Similarly, the microinjection technique described herein is generally applicable to any plant cell of
sufficient size to permit microinjection (e. g., germline cells or cells that develop into germline cells,
egg cells, zygote cells, embryo cells, meristematic cells), and of any plant species (e. g., alfalfa
(Medicago sativa), almonds (Prunus dulcis), apples (Malus x domestica), apricots (Prunus
armeniaca, P. brigantine, P. mandshurica, P. mume, P. sibirica), asparagus (Asparagus officinalis),
bananas (Musa spp.), barley (Hordeum vulgare), beans (Phaseolus spp.), blueberries and cranberries
(Vaccinium spp.), cacao (Theobroma cacao), canola and rapeseed or oilseed rape, (Brassica napus),
carnation (Dianthus caryophyllus), carrots (Daucus carota sativus), cassava (Manihot esculentum),
cherry (Prunus avium), chickpea (Cider arietinum), chicory (Cichorium intybus), chili peppers and
other capsicum peppers (Capsicum annuum, C. frutescens, C. chinense, C. pubescens, C. baccatum),
chrysanthemums (Chrysanthemum spp.), coconut (Cocos nucifera), coffee (Coffea spp. including
Coffea arabica and Coffea canephora), cotton (Gossypium hirsutum L.), cowpea (Vigna unguiculata),
cucumber (Cucumis sativus), currants and gooseberries (Ribes spp.), eggplant or aubergine (Solanum
melongena), eucalyptus (Kucalyptus spp.), flax (Linum usitatissumum L.), geraniums (Pelargonium
spp.), grapefruit (Citrus x paradisi), grapes (Vitus spp.) including wine grapes (Vitus vinifera), guava
(Psidium guajava), hemp and cannabis (Cannabis sativa and Cannabis spp.), hops (Humulus lupulus),
irises (Iris spp.), lemon (Citrus limon), lettuce (Lactuca sativa), limes (Citrus spp.), maize (Zea mays
L.), mango (Mangifera indica), mangosteen (Garcinia mangostana), melon (Cucumis melo), millets
(Setaria spp, Echinochloa spp, Eleusine spp, Panicum spp., Pennisetum spp.), oats (Avena sativa), oil
palm (Ellis quineensis), olive (Olea europaea), onion (Allium cepa), orange (Citrus sinensis), papaya

(Carica papaya), peaches and nectarines (Prunus persica), pear (Pyrus spp.), pea (Pisa sativum),
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peanut (Arachis hypogaea), peonies (Paeonia spp.), petunias (Pefunia spp.), pincapple (4dnanas
comosus), plantains (Musa spp.), plum (Prunus domestica), poinsettia (Euphorbia pulcherrima),
Polish canola (Brassica rapa), poplar (Populus spp.), potato (Solanum tuberosum), pumpkin
(Cucurbita pepo), rice (Oryza sativa L.), roses (Rosa spp.), rubber (Hevea brasiliensis), rye (Secale
cereale), safflower (Carthamus tinctorius L), sesame seed (Sesame indium), sorghum (Sorghum
bicolor), soybean (Glycine max L.), squash (Cucurbita pepo), strawberries (Fragaria spp., Fragaria x
ananassa), sugar beet (Beta vulgaris), sugarcanes (Saccharum spp.), sunflower (Helianthus annus),
sweet potato (Ilpomoea batatas), tangerine (Citrus tangerina), tea (Camellia sinensis), tobacco
(Nicotiana tabacum L.), tomato (Lycopersicon esculentum), tulips (Tulipa spp.), turnip (Brassica rapa
rapa), walnuts (Juglans spp. L.), watermelon (Citrulus lanatus), wheat (Tritium aestivum), and yams
(Discorea spp.)). Non-limiting embodiments include microinjection delivery of DNA or RNP editing
reagents to egg cells, zygote cells, embryo cells, and meristematic cells of maize, rice, wheat, barley,
rye, millet, sorghum, soybean, cotton, brassicas (including oilseed brassicas and sugar beet),
solanaceous plants (including tomato, pepper, potato, and eggplant), strawberry, banana, plantain,

citrus fruits, coffee, cacao, and sugarcanes.

Example 51
[0456] The following describes direct delivery of effector molecules (e. g., at least one crRNA or

sgRNA or a polynucleotide encoding at least one crRNA or sgRNA or an RNA-guided nuclease or a
polynucleotide that encodes the RNA-guided nuclease) by gold microparticle bombardment directly
into germline cells of excised soybean (Glycine max) embryos.

[0457] In a non-limiting protocol, sgRNA and nuclease vectors are delivered by gold
microparticle bombardment to non-epidermal cells in soybean embryonic axes. Mature, dry soybean
seeds (cv. Williams 82) are surface-sterilized by holding overnight in an enclosed chamber with a
beaker containing 100 milliliters 5% sodium hypochlorite solution to which 4 milliliters concentrated
(12N) hydrochloric acid were freshly added. The sterilized seeds are imbibed in sterile water for 2 —
20 hours. Seeds are splited by inserting a razor blade into the hilum leaving the embryonic axes
intact. The pericarp is removed and the tip of the radicle excised. The leaf primordia and a thin layer
of the shoot apical meristems are excised with a scalpel with the aid of a dissecting microscope.
Prepared explants are placed on pre-bombardment medium (“Recipe X with the addition of 2
milligrams/liter 6-benzylaminopurine) for 2 — 3 days in the dark at 26 (plus or minus 2) degrees
Celsius. In an alternative protocol, explants are placed on osmoticum medium (“Recipe X modified
by the addition of 36.8 grams/liter sorbitol and 36.8 grams/liter mannitol) for four hours prior to
bombardment. To make a 1-liter quantity of “Recipe X medium, mix 4.43g MS salts with B5
vitamins, 10 milliliter 0.2 molar MES hydrate stock solution, 100 milligrams myo-inositol, 30 grams

sucrose, 8 grams Oxoid agar (Remel, Inc. Lenexa, KS) and bring volume to 1 liter with water. Adjust
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pH to 5.8 before adding agar and autoclaving. Add 6-benzylaminopurine (BA) after cooling to about
50 degrees Celsius.

[0458] Gold microparticles are prepared as follows. In the following non-limiting embodiment,
1.0 micrometer gold microparticles are used (Bio-Rad, Hercules, CA). (In other protocols, gold
microparticles of other sizes (e. g., 0.6 or 1.6 micrometer) are also useful.) Approximately 15- 20
milligrams of gold microparticles are transferred to sterile 1.5 milliliter microcentrifuge tubes. Cold
absolute ethanol (500 microliters) is added to each tube, and the tubes are placed in the ultrasonicating
water bath for 15 seconds. Gold microparticles are allowed to settle ~ 10 — 30 minutes followed by
pelleting by centrifugation for 1 minute at 3000 rpm. The supernatant is removed and the pellet is
carefully rinsed with 1 milliliter ice-cold sterile water. The tubes are tapped gently to disturb the
pellets, which are then allowed to settle again. The rinse step is repeated two more times. After the
third rinse, the microparticles are pelleted 15 seconds at 5000 rpm, and the final supernatant removed.
The pellet is resuspended in 500 microliters sterile water to form a “1X” concentration, placed in the
ultrasonicating water bath for 15 seconds, and immediately after is vortexed. Aliquots of 50
microliters are transferred to 1.5-millilter microcentrifuge tubes, with the original preparation
continually vortexed during the transfers. The 1X aliquots are stored at -20 degrees Celsius.

[0459] Prior to precipitation of DNA on gold microparticles, soy explants are embedded in pre-
bombardment medium with the shoot apical meristem arranged parallel with the medium’s surface
and directly facing the trajectory of the coated microparticles. Approximately, 20 — 40 explants are
placed in the center of the plate, corresponding to the ~ 3.5-centimeter diameter circle of the tissue
platform (Bio-Rad, Hercules, CA). A tube of 1X prepared gold is used for bombardment of three
media plates of soy explants. Prepared 1X tubes are thawed on ice, placed in the ultrasonicating water
bath for 15 seconds, and then centrifuged at 2000 rpm for 2 minutes. The supernatant is removed and
the gold microparticles are resuspended in either 25 microliters DNA (1 microgram/microliter)
solution or 25 microliters sterile water as a control. The following is added in order, vortexing
between each addition: 220 microliters sterile water, 250 microliters 2.5 molar calcium chloride, and
50 microliters 0.1 molar spermidine. The tubes are placed on ice for 5 minutes, vortexed for ~2
minutes at room temperature, and then centrifuged at 500 rpm for 5 minutes. The supernatant is
removed and the pellet is resuspended in 600 microliters absolute ethanol. The tubes are centrifuged
for 1 minute at 14000 rpm. The supernatant is removed and the pellet is resuspended in 36 microliters
absolute ethanol. (To conserve the amount of gold used, the pellet can be resuspended in about 90
microliters absolute ethanol, and about 10 microliters or about 444 nanograms gold used for each shot
for 9 shots.) DNA-coated gold (11 microliters) is placed in the center of autoclaved macrocarriers
(Bio-Rad, Hercules, CA) and allowed to dry for approximately 5 -10 minutes. The PDS-1000/He
biolistic® particle delivery system (Bio-Rad, Hercules, CA) is assembled. The rupture discs (1,100
psi rupture discs, Bio-Rad, Hercules, CA; 900 or 650 psi rupture discs can also be used) are dipped in

70% ethanol to sterilize, placed in the retaining cap, and tightened with the manufacturer’s supplied
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wrench. The autoclaved stopping screen is placed in the macrocarrier assembly followed by the
DNA-coated gold macrocarrier. The system is assembled as directed in the manual. The distance
used from stopping screen to soy explants is 6 centimeters. The gun is fired when the vacuum in the
chamber reaches 27 — 28 inches of Hg.

[0460] After bombardment, explants are transferred to Recipe X medium containing 0.5
milligrams/liter 6-benzylaminopurine. Plates with bombarded explants are placed in the dark for 2 —
4 days at 26 (plus or minus 2) degrees Celsius, then moved to a 16-hour light (75 micromoles)/8-hour
dark light regime at 26 (plus or minus 2) degrees Celsius for several days to weeks depending on
assay performed. For non-destructive assays, soybean shoots are sampled and explants moved to
fresh Recipe X medium containing 0.5 milligrams/liter 6-benzylaminopurine. When shoots reach
about 2 — 3 centimeters in length, explants are transferred to shoot elongation media (“Recipe Y”). To
make 1 liter of “Recipe Y7 medium, mix 4.43 grams MS salts with B5 vitamins, 0.59 grams MES
hydrate, and 30 grams sucrose in 1 liter water, adjust pH to 5.7, and add 3 grams Phytagel. Autoclave
35 minutes on liquid cycle and cool to 50 degrees Celsius. In a laminar flow hood, add to 1 liter of
cooled medium 0.5 milligrams gibberellic acid (as a premade stock, G362, PhytoTechnologics
Laboratories, Shawnee Mission, KS), 500 microliters 50 milligrams/milliliter asparagine stock
solution, 5 milligrams glutamine, 400 microliters indole acetic acid (as a 1 milligram/milliliter stock),
and 1 milligram trans-zeatin riboside. Pour 100 milliliters per phytatray and allow to cool; store at
room temperature. After approximately two weeks of shoot elongation, shoots are of sufficient size to
transfer to Jiffy peat pellets, and are later transplanted to soilless mix in pots for maturation,
observation of phenotype, and analysis.

[0461] In another non-limiting protocol, a ribonucleoprotein (RNP) complex is delivered by gold
microparticle bombardment to shoot apical meristem cells. A ribonucleoprotein (RNP) complex is
prepared with Cas9 nuclease and crRNA/tracrRNA or sgRNA as described elsewhere in this
application. In an example, an RNP preparation is made with 6 microliters of 100 micromolar crRNA
annealed with 6 microliters of 100 micromolar tracrRNA, and complexed with 20 micrograms Cas9
nuclease. The RNP preparation was added to a tube of 1X gold microparticles in 50 microliters water,
mixed gently, and used at a rate of 14 microliters RNP-coated gold per macrocarrier. Sixty
microliters 2.5 molar calcium chloride and 20 microliters 0.1 molar spermidine are optionally added,
with vortexing, to this preparation. (To conserve the amount of gold used, one tube of ~1.5 mg gold
coated with 5 micrograms Cas9 complexed with 2.5 micrograms crRNA-tractRNA complex is
sufficient for 9 shots.) The samples are dried in Petri dishes with Drierite desiccant (W. A. Hammond
DRIERITE Co., LTD, Xenia, OH) for 1 — 2 hours. The rest of the bombardment procedure is similar
to that described above for the DNA-coated gold microparticles. The shoot apical meristems of 48
soybean embryonic axes were sampled 5 days after bombardment and analysed for the presence of

edits of the target gene by any of various molecular assays, including, e. g., T7EI assay, fragment
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analyzer assay, Sanger sequencing, and enrichment of edited amplicons by restriction digest and NGS
amplicon sequencing.

[0462] One of skill in the art would recognize that there are alternative reagents and
compositions (e. g., DNA encoding a nuclease or RNPs including a nuclease) including such reagents
that are useful for introducing alterations or edits into the genome (e. g., use of CRISPR nucleases
other than Cas9, such as CasX, CasY, and Cpfl, zinc-finger nucleases (ZFNs), transcription activator-
like effector nucleases (TAL-effector nucleases or TALENS), Argonaute proteins, or a meganuclease
or engineered meganuclease) and thus similar embodiments of the bombardment technique described
herein include use of any of these reagents or compositions. Similarly, the bombardment technique
described herein is generally applicable to any plant part, plant tissue, or whole plant, seed, seedling,
or embryo (e. g., excised embryos, callus, leaf or other plant part, meristematic tissue), and of any
plant species (e. g., alfalfa (Medicago sativa), almonds (Prunus dulcis), apples (Malus x domestica),
apricots (Prunus armeniaca, P. brigantine, P. mandshurica, P. mume, P. sibirica), asparagus
(Asparagus officinalis), bananas (Musa spp.), barley (Hordeum vulgare), beans (Phaseolus spp.),
blueberries and cranberries (Vaccinium spp.), cacao (Theobroma cacao), canola and rapeseed or
oilseed rape, (Brassica napus), camation (Dianthus caryophyllus), carrots (Daucus carota sativus),
cassava (Manihot esculentum), cherry (Prunus avium), chickpea (Cider arietinum), chicory
(Cichorium intybus), chili peppers and other capsicum peppers (Capsicum annuum, C. frutescens, C.
chinense, C. pubescens, C. baccatum), chrysanthemums (Chrysanthemum spp.), coconut (Cocos
nucifera), coffee (Coffea spp. including Coffea arabica and Coffea canephora), cotton (Gossypium
hirsutum L.), cowpea (Vigna unguiculata), cucumber (Cucumis sativus), currants and gooseberries
(Ribes spp.), eggplant or aubergine (Solanum melongena), eucalyptus (Eucalyptus spp.), flax (Linum
usitatissumum L.), geraniums (Pelargonium spp.), grapefruit (Citrus x paradisi), grapes (Vitus spp.)
including wine grapes (Vitus vinifera), guava (Psidium guajava), hemp and cannabis (Cannabis sativa
and Cannabis spp.), hops (Humulus lupulus), irises (Iris spp.), lemon (Citrus limon), lettuce (Lactuca
sativa), limes (Citrus spp.), maize (Zea mays L.), mango (Mangifera indica), mangosteen (Garcinia
mangostana), melon (Cucumis melo), millets (Setaria spp, Echinochloa spp, Eleusine spp, Panicum
spp., Pennisetum spp.), oats (Avena sativa), oil palm (£llis quineensis), olive (Olea europaea), onion
(Allium cepa), orange (Citrus sinensis), papaya (Carica papaya), peaches and nectarines (Prunus
persica), pear (Pyrus spp.), pea (Pisa sativum), peanut (Arachis hypogaea), peonies (Paeonia spp.),
petunias (Pefunia spp.), pineapple (Ananas comosus), plantains (Musa spp.), plum (Prunus
domestica), poinsettia (Euphorbia pulcherrima), Polish canola (Brassica rapa), poplar (Populus spp.),
potato (Solanum tuberosum), pumpkin (Cucurbita pepo), rice (Oryza sativa L.), roses (Rosa spp.),
rubber (Hevea brasiliensis), rye (Secale cereale), safflower (Carthamus tinctorius L), sesame seed
(Sesame indium), sorghum (Sorghum bicolor), soybean (Glycine max L.), squash (Cucurbita pepo),
strawberries (Fragaria spp., Fragaria x ananassa), sugar beet (Beta vulgaris), sugarcanes

(Saccharum spp.), sunflower (Helianthus annus), sweet potato (Ipomoea batatas), tangerine (Citrus
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tangerina), tea (Camellia sinensis), tobacco (Nicotiana tabacum L.), tomato (Lycopersicon
esculentum), tulips (Tulipa spp.), turnip (Brassica rapa rapa), walnuts (Juglans spp. L.), watermelon
(Citrulus lanatus), wheat (Tritium aestivum), and yams (Discorea spp.)). Non-limiting embodiments
include microinjection delivery of DNA or RNP editing reagents to egg cells, zygote cells, embryo
cells, and meristematic cells of maize, rice, wheat, barley, rye, millet, sorghum, soybean, cotton,
brassicas (including oilseed brassicas and sugar beet), solanaceous plants (including tomato, pepper,

potato, and eggplant), strawberry, banana, plantain, citrus fruits, coffee, cacao, and sugarcanes.

Example 52

[0463] This example demonstrates improving clonally propagated monocots. Sugarcane is used
as an exemplary plant.

[0464] Source of plant material: The preparation of plant material essentially follows Ramgareeb
et al (2010) Plant Cell Tiss Organ Cult, 100:175-181. Stalk material is cut into single budded nodes
(SBN) and incubated in a hot water bath (50°C) containing the fungicide Eria (0.5 mL L™'; Syngenta)

for 40 minutes. Following hot water treatment (HWT), the SBN are planted in seedling trays
(LxWxH: 47 x 34 x 6 cm) filled with potting soil mix (3 parts commercial potting soil, 1 part river
sand, 1 part vermiculite). Trays are incubated in a greenhouse for 6-8 weeks (25:20°C; 16:8 hour
day:might). Plants are watered twice daily. Shoots resulting from the development of SBN are referred
to as node shoots. These shoots are harvested for meristem excision when the first node is observed.

[0465] Apical meristem preparation: Apical meristem excision is from either mature field grown

stalks or the node shoot. The leaf roll and stem consisting of at least the first visible node are cut from
source material. Stalks are surface sterilized with 99% (v/v) ethanol, outer leaves are removed and the
leaf roll shortened to contain the first node above which the shoot apical meristem is situated (~4 cm).
Broad tipped, long forceps are used to hold below the first node while outer whorls of the leaf roll are
aseptically removed using a No. 23 surgical blade in a Petri dish containing 1 mL of liquid nutrient
medium (MS salts and vitamins (Murashige and Skoog (1962) Physiol Plant, 15:473-497),20 g L™
sucrose). When the leaf roll is ~5 mm in diameter, a No. 10 surgical blade is used to dissect away the
outer leaves under a stereo microscope (¢.g. Nikon SMZ1500). Meristems of different lengths (0.5-10
mm) are dissected from both explant sources.

[0466] Excised meristems are cultured on an initiation medium for 1 week (MS salts and
vitamins (Murashige and Skoog (1962) Physiol Plant, 15:473-497), 0.1 mg L™" benzyl aminopurine
(BAP), 0.015 mg L™" kinetin (KIN), 4 g L™" activated charcoal, 20 g L™ sucrose (from Sigma-
Aldrich®, St Louis, MO) all added pre-sterilization, then adjusted to pH 4.5 (with 1 M KOH or 1 M
HCI) and mixed with 8 g L™ agar (Plant Tissue Culture Agar, Lab M Ltd., Lancashire, UK) then
autoclaved at 121°C for 20 minutes) in the dark at 28°C. This is followed by culturing on semi-solid
shoot multiplication medium (same as initiation medium but with 1 mg L™ methylene blue and

without activated charcoal) in a growth room at 28°C with a 16 hour photoperiod. After 4-6 weeks,
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once shoot clusters are established, these are subcultured every 2 weeks in Magenta™ vessels (GA-7,
Sigma-Aldrich® or equivalent) containing 60—100 mL of liquid shoot multiplication medium (as
above but at pH 5.3). All cultures are maintained in a growth room at 28°C and 16 hour photoperiod
at a photon flux density of 160 uM m™ s~ (Biolux®, Osram Licht AG, Munich, Germany or
equivalent). The outer leaf covering of the meristem which turns brown is dissected away. This
facilitates new shoots which were transferred to glass jars (100 mL) containing liquid shoot
multiplication medium, pH 5.3. Meristems are subcultured every two weeks for no longer than 8
weeks.

[0467] Meristem microinjection: This method introduces one or more edits to the sugarcane

genome during vegetative development. This is done using cultured 0.5-2 mm meristems. The editing
reagents are introduced just below the L1 layer, into the L2 layer, of the meristem using a
microinjection apparatus. The injected tissue recovers and the resulting, newly formed tissue is
examined for the presence of the intended edits. This cycle can be repeated up to four times,
facilitated by subculturing the edited plant material every two weeks. Modifications to the sugarcane
genome can be monitored by one or more molecular assays.

[0468] The genome editing tools for this work can be DNA, RNA, protein or a combination
thereof. Components to introduce these reagents are combined and delivered using an appropriate
microinjection apparatus. The editing reagents can be delivered to the cell in a volume of about 2 to
about 20 nanoliters. The editing reagents can be delivered alone or as part of a formulation to aid in
uptake by the targeted meristematic cells. These reagents can include saponin, pectinase, DMSO,
Silwet®-77, Tween®-20 or any other agent that loosens the plant cell wall without compromising the
cell’s activity or interferes with the activity of the editing reagents.

[0469] To introduce editing reagents, the meristem is gently, but firmly supported to counteract
the pressure of the microinjection needle. A dissecting or compound microscope with appropriate
optics may be required to insure the microinjection needle targets the intended meristematic cells. To
ensure that edits are heritable, it is critical that the L2 cell layer is the targeted plant tissue. Once the
meristem cells are treated, the tissue is transferred to fresh semi-solid shoot multiplication medium to
recover for several days. When sufficient new leaf tissue is present, a small piece of a newly formed
leaf is excised for molecular analysis.

[0470] Molecular analysis encompasses a variety of assays or tests designed to detect the
presence of the intended edits. For example, mRNA from the targeted gene(s) can be amplified by
RT-PCR and sequenced to determine if edits are present. Also, genomic DNA can be examined by
targeted sequence analysis for the presence of the intended edits. Leaf tissue can be examined for
visual or physical evidence (a phenotype) of an intended edit. The time required for evaluation of
edits allows the plant to further recover from the microinjection and makes it competent for further
editing, if necessary. If more edits are required, the propagated meristems representing edited material

can be used for the next iteration. Once the intended changes are complete, the treated meristem is
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induced to shoot then root and is then transferred to soil. The developing tillers are examined for the
presence and activity of all intended edits.

[0471] Meristem biolistics: Meristems can also be prepped to receive editing reagents delivered

using a gene gun. Methods describing the preparation of editing reagents for delivery using gene gun
technology can be found in Yadava et al. (2017) Frontiers in Plant Science, 7: 1949; Kikkert et al.
(2005) Methods in Molecular Biology, 286:61-78; Taylor and Fauquet (2002) DNA and Cell Biology,
21:963-977; and Casas et al. (1995) Plant Breeding Reviews, 13:235-264, or as described elsewhere
in this disclosure. Methods describing applying gene gun technology to introduce genetic information
into sugarcane can be found it Gambley et al. (1993) Plant Cell Reports, 12:343-346; Gallo-Meagher
and Irvine (1993) Plant Cell Reports, 12:666—-670; Jackson et al. (2013) Transgenic Research,
22:143-151; and Basnayake et. al. (2011) Plant Cell Reports 30:439-48.

[0472] Meristems are prepared as above. Briefly, shoots are removed using a sterile scalpel to
expose the meristematic tissues. The exposed tissue is placed on 0.8% (w/v) agar in 100 mm diameter
polystyrene Petri dishes for use as a target. Preparation of 1.0 um gold particles and coating with
editing reagents can be as described in Martin-Ortigosa and Wang (2014) Transgenic Research,
23:743-756 for RNPs or in Yadava et al. (2017) Frontiers in Plant Science, 7: 1949 or as described
elsewhere in this disclosure for DNA. Each bombardment treatment involves two bombarded plates
from each of four precipitation reactions (n = 8). Bombarded meristems are returned to shoot
multiplication media for recovery and selection.

[0473] Shoot induction: Shoots are subcultured every two weeks until there are ~20 shoots (~4
cm in height). Clusters are divided in groups of two and transferred to Magenta™ vessels where they
are further divided and placed in fresh shoot multiplication medium, pH 5.3 every two weeks for a
total of 11 weeks.

[0474] Root induction: All shoots (~4 ¢cm) are rooted in media containing half strength MS; 5 g
L sucrose; 8 g L™ agar; 0.25 g L' casein hydrolysate (pH 5.6-5.8). In vitro rooting is achieved in 2-3
weeks. Plants with a well-formed root system are transferred into a 98-well polystyrene seedling tray
(or equivalent) containing potting soil and placed in a mist box (a perspex box designed to enclose the
seedling tray and apply a mist of water for 2 minutes three times a day) within a greenhouse for 2
weeks. Thereafter plants were transferred to a greenhouse chamber (25:20°C; 16:8 hour day:night),
watered twice daily (for 2 minutes) and fertilized (0.2 g of N:P:K; 2:3:2) monthly. If desired, further

vegetative propagation can be done to produce multiple clones of the edited plant.

Example 53
[0475] This example illustrates the method of creating a hypersensitive SoPYL-E allele in

sugarcane through genome editing.
[0476] Abscisic acid (ABA) is the primary plant hormone involved in regulating plant water

status and plant response to changes in internal and external water potential. ABA receptors are at the
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top of the ABA signal transduction cascade (See Cutler et al. (2010) Annual Review of Plant Biology,
61:651-79) that regulates plant water status. U. S. Patent Publication US20160194653 describes
several changes in conserved abscisic acid (ABA) receptor amino acids that render the receptor
hypersensitive the ABA and how to apply this discovery to almost any ABA receptor using a
CRISPR-Cas9 mediated homology-dependent repair (HDR) approach. However, the HDR approach
described relies on traditional plant transformation technology to introduce Cas9 and the sgRNA
targeting ABA receptors, which is inefficient.

[0477] Here we disclose a unique allele substitution strategy for plant applications that greatly
improves HDR outcomes because it does not require plant regeneration from callus. Our method
delivers the HDR template directly to the intended DNA cut site as a component of the Cas9 complex
and uses a non-heritable form of the Cas9 complex. This method can be applied to any plant tissue,
preferably tissues that give rise to the germline to ensure heritability of the intended DNA
modifications.

[0478] The following describes allele substitutions in an ABA receptor, PYL-E gene (with
genomic DNA sequence of SEQ ID NO:436 and protein sequence of SEQ ID NO:437) in sugarcane
(Saccharum officinarum) using this approach. A single amino acid substitution from a glutamic acid
(E) to a leucine (L) at position 149 is generated to make a hypersensitive SOPYL-E gene in the
sugarcane genome. Several possible nucleotide changes can alter the codon for this amino acid
substitution. Here we illustrate how genome editing can be used to change GAG to CTG. The sgRNA
targeting sequence (5’ -CCTTGTGATCGAGTCGTTCG-3" (SEQ ID NO:438)) is used to target Cas9
to SoPYL-E and make a double strand break very close to the edit site (the edit site is shown as
underlined font). A second sgRNA targeting sequence (5- CCACGAACGACTCGATCACA-3’(SEQ
ID NO:439)) which is complementary to a nearby sequence on the opposite strand can also be used.
[0479] The sgRNA can include a 33 bp extension at the 3’-end of a portion of the pBlueScript
SK(+) multiple cloning sequence with a sequence of 5°-
GUCGACGGUAUCGAUAAGCUUGAUAUCGAAUUC-3" (SEQ ID NO:440). This acts as a tether
to carry donor template to the Cas9-mediated double strand break in SOPYL-E. This RNA extension
will form a highly stable RNA:DNA duplex with complementary DNA. This enables the Cas9
complex to carry HDR template directly to the intended double strand break. The full sgRNA has the
sequence of 5°-
CCUUGUGAUCGAGUCGUUCGGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUA
GUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUGUCGACGGUAUC
GAUAAGCUUGAUAUCGAAUUC-3" (SEQ ID NO:441). The donor template (5°-
CCCGGAGAGCATTGACGGGAGGCCAGGTACCCTTGTGATCCTGTCGTTCGTCGTCGATGT
GCCTGATGGCAACACAAAGGATGAGACATG-37, SEQ ID NO:442) carries both the new codon
information and a mutation in Valine 152 codon changing GTG to GTA, GTC, or GTT, which
destroys the PAM site and prevents further cleavage by Cas9. The full donor template including the
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tether complement (5’-GAATTCGATATCAAGCTTATCGATACCGTCGAC-3’, SEQ ID NO:443)
has a sequence of 5°-
CCCGGAGAGCATTGACGGGAGGCCAGGTACCCTTGTGATCCTGTCGTTCGTCGTCGATGT
GCCTGATGGCAACACAAAGGATGAGACATGGAATTCGATATCAAGCTTATCGATACCGT
CGAC-3" (SEQ ID NO:444).

[0480] The tether carries donor template in one of several forms including single- or double-
stranded RNA or DNA. The donor length can vary from about 30-200 nucleotides. To assemble the
complex, equal-molar amounts of sgRNA and donor are mixed and heated to 95°C for 5 minutes, then
removed from the heat and naturally cooled to room temperature. The appropriate amount of Cas9 is
then added to sgRNA:donor complex and incubated at room temperature for 5 minutes.

[0481] The Cas9 complex can be delivered to sugarcane meristem cells by microinjection or
biolistics as detailed in Example 52. The modified PYL-E gene has a coding sequence of SEQ ID
NO:445.

[0482] Several methods can be used to assay successful introduction of the SOPYL-E
hypersensitive allele. Firstly, the maize Rab17 gene is well characterized with respect to ABA-
induction (See Buchanan et al. (2004) Genetics 168:1639-1654). Secondly, a close sugarcane
homolog is AOA059Q184 with a CDS of SEQ ID NO:446 and a protein sequence of SEQ ID
NO:447. The AOA059Q184 steady state transcript level in plants possessing a hypersensitive SoPYL-
E allele will be higher than plants lacking this allele. Thirdly, sugarcane with a SOPYL-E
hypersensitive allele will exhibit increased water use efficiency, that is more biomass produced per
unit water transpired (See Medrano et al. (2015) The Crop Journal, 3:220-328) when compared to
plants that lack this allele.

Example 54

[0483] This example illustrates genetic modification to a plant genome during vegetative
development. Specifically, the method introduces one or more edits to the plant genome by
microinjection or biolistics. It applies to potato plants that can be vegetatively propagated by cutting
or by tuber eyes. A basic discussion of these methods can be found at
www]|dot|ndsu[dot]edu/pubweb/chiwonlee/plsc368/student/papers06/carina%20de %20luca/carinadel
uca.htm. It can be done using plants grown in soil or in tissue culture media. The apical or axillary
meristem of a young plant is exposed and editing reagents are introduced just below the L1 layer, into
the L2 layer, of the meristem using a microinjection or biolistic apparatus. The treated tissue recovers
and the resulting, newly formed tissue is examined for the presence of the intended edits. This cycle
can be repeated many times, facilitated by propagating cuttings of the edited plant material from time
to time. Modifications to the plant genome can be monitored by one or more molecular assays. Once
the intended changes are complete, the plant can be clonally propagated by cutting (the basic unitis a

stem segment with at least one axillary leaf or the stem segment comprising the shoot apical
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meristem) or by tuber eyes. The next generation is examined for the presence and activity of all
intended edits.

[0484] The genome editing tools for this work can be DNA, RNA, protein or a combination
thereof. Components to introduce these reagents are combined and delivered using an appropriate
microinjection apparatus or biolistics (Craig et al. (2005) Plant Cell Reports, 24:603-611) or as
describe elsewhere in this disclosure. For microinjection the editing reagents can be delivered to the
cell in a volume of about 2 to about 20 nanoliters. The editing reagents can be delivered alone or as
part of a formulation to aid in uptake by the targeted meristematic cells. These reagents can include
saponin, pectinase, DMSO, Silwet®-77, Tween®-20 or any other agent that loosens the plant cell wall
without compromising the cell’s activity or interferes with the activity of the editing reagents.

[0485] To introduce editing reagents, the newly formed leaf tissue in the target plant is carefully
removed to expose the meristem without damaging it. The stem is gently, but firmly supported to
counteract the pressure of the microinjection needle. A dissecting or compound microscope with
appropriate optics may be required to insure the microinjection needle targets the intended
meristematic cells. To insure that edits are heritable, it is critical that the L2 cell layer, which gives
rise to the germline, is the targeted plant tissue. Once the meristem cells are treated, the stem is
marked and the plant recovers for several days. The recovery period is long enough for the plant to
grow 3-5 new leaves from the treated meristem. When sufficient new leaf tissue is present, a small
piece of a newly formed leaf is excised for molecular analysis.

[0486] An alternative approach is to introduce editing reagents into potato leaf protoplasts (Craig
et al. (2005) Plant Cell Reports, 24:603-611) together with a reporter gene such as fluorescent
protein. Transfected protoplasts can then be collected using a cell sorting apparatus and transferred to
callus induction media to regenerate edited plant candidates. Each candidate is subjected to molecular
analysis to determine which contain the intended edits.

[0487] Molecular analysis encompasses a variety of assays or tests designed to detect the
presence of the intended edits. For example, mRNA from the targeted gene(s) can be amplified by
RT-PCR and sequenced to determine if edits are present. Also, genomic DNA can be examined by
targeted sequence analysis for the presence of the intended edits. Leaf tissue can be examined for
visual or physical evidence (a phenotype) of an intended edit. The time required for evaluation of
edits allows the plant to further recover from the microinjection and makes it competent for further
editing, if necessary.

[0488] If more edits are required prior to flowering, the segments representing edited material
can be vegetatively propagated by cutting an appropriate segment to start a new plant. Excised
plantlets are rooted in fresh soil or tissue culture media prior to the next editing step. Care should be
taken to insure the propagated plant is actively growing before initiating the next microinjection.

Plants are healthy when there is evidence of robust root growth and new leaves have formed.
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[0489] When editing activities are complete plants there are several possible ways to
maintain/propagate the edited plant. First, the plants can be grown to reproductive maturity, and selfed
or crossed as appropriate to produce seed. The resulting seed are planted and the subsequent
germinated seedlings are tested for the presence of the intended edits. Second, further vegetative
propagation can be done to produce multiple clones of the edited plant. Third, potato seed from tubers
can be collected and used to propagate the plant. The resulting vegetatively propagated plants are
planted and tested for the presence of the intended edits.

[0490] Disease free plantlets are grown in test tubes on a nutrient media. Each plantlet is cut into
3 to 10 nodal sections after 18-60 days. Each new cutting is planted in a new test tube. This can be
repeated until the desired number of plantlets is obtained. Plantlets are then removed from the tubes
and grown in sterile soil to complete their entire growth cycle. Tubers produced are collected and
stored to later be sold to growers. This is also the process followed to obtain certified seeds. This first
seed lot would be called nuclear seed and then after harvesting the product of this seed you get
Generation 1 (G1) and so forth.

[0491] One skilled in the art would recognize that the microinjection or biolistics or technique
described herein is generally applicable to any plants that are commonly propagated through asexual
or vegetative methods, e. g., cloning, grafting. The plants that are propagated through asexual or
vegetative methods include apples (Malus x domestica), apricots (Prunus armeniaca, P. brigantine, P.
mandshurica, P. mume, P. sibirica), avocado (Persea americana), bananas (Musa spp.), cherry
(Prunus avium), grapefruit (Citrus x paradisi), grapes (Vitus spp.) including wine grapes (Vitus
vinifera), irises (Iris spp.), lemon (Citrus limon), limes (Citrus spp.), orange (Citrus sinensis), peaches
and nectarines (Prunus persica), pear (Pyrus spp.), pineapple (Ananas comosus), plantains (Musa
spp.), plum (Prunus domestica), poinsettia (Euphorbia pulcherrima), potato (Solanum tuberosum),
roses (Rosa spp.), strawberries (Fragaria spp., Fragaria x ananassa), sugarcanes (Saccharum spp.),
sweet potato (Ilpomoea batatas), tangerine (Citrus tangerina), tea (Camellia sinensis), yams (Discorea

spp.), hops (Humulus lupulus), and hemp and cannabis (Cannabis sativa and Cannabis spp.).

Example 55

[0492] Genome editing can be applied to control disease and damage in potato (See Sun et al.
(2016) Transgenic Research 25:731-42; Sun et al. (2017) BMC Plant Biology 17:235; Wiel et al.
(2017) Plant Biotechnology Reports 11:1-8). In this example, we demonstrate a method of
inactivating all alleles of the susceptibility gene StCESA3, a negative regulator of cellulose synthesis,
by genome editing.

[0493] StCESA (Sotub01g026250) has a genomic DNA sequence of SEQ ID NO:448, a protein
sequence of SEQ ID NO:449, and a CDS sequence of SEQ ID NQO:450. This gene can be disrupted
using targeted endonuclease technology, such as the CRISPR-Cas9 system. The Cas9 complex can be

delivered to potato meristem cells by microinjection or biolistics as detailed in Example 54. The guide
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RNAs are designed to specifically target the StCESA gene. StCESA gRNA-1
(TCTGTGCCTTCCCTGTTTGT, SEQ ID NO:451), gRNA-2 (TTGAGCTGGCACGCGACTTA,
SEQ ID NO:452), and gRNA-3 (ATGGCATCTCCTGGACCTGC, SEQ ID NO:453) target exons 3,
4 and 5 of the StCESA gene, respectively.

[0494] Successful disruption of StCESA3 will produce robust resistance to potato late blight due
to Phytophthora infestans. This can be assessed using a leaf assay as described in Sun et al. (2016)

Transgenic Research 25:731-42, incorporated by reference in its entirety.

Example 56

[0495] Potatoes are typically subject to cold storage for long periods before they are consumed.
A consequence of prolonged storage is the breakdown of sucrose to glucose and fructose, increasing
the concentration of reducing sugars. This presents problems for potatoes that are processed into fried
products such as potato chips and French fries because high temperatures induce the Maillard reaction
which produces acrylamide when reducing sugars and amino acids like asparagine are present.
Acrylamide is a known carcinogen (See Ye et al. 2010 Journal of Agricultural and Food Chemistry
58:12162-12167). Down regulating vacuolar invertase (StvINV) (Clasen et al. (2016) Plant
Biotechnology Journal 14:169-76; Ye et al. 2010 Journal of Agricultural and Food Chemistry
58:12162-12167; Zhu et al. (2014) PloS One 9: ¢93381) and asparagine synthase (Zhu et al. (2016)
Plant Biotechnology Journal 14:709-718) can reduce acrylamide formation in fried potato products.
[0496] In this example, we illustrate a way to disrupt the potato vacuolar invertase (GenBank 1D:
DQ478950.1) using gene editing. StvINV has a genomic DNA sequence of SEQ ID NO:454, a
protein sequence of SEQ ID NQ:455, and a CDS sequence of SEQ ID NO:456. Disruption of
StvINV can be done by targeting conserved sequences of first exon as identified in Figure 1 of Clasen
et al. 2016 Plant Biotechnology Journal 14:169-76. Three guide RNAs StvINV gRNA-1
(TTTAAGGGACTTCCGGTGGC, SEQ ID NO:457), gRNA-2 (CGGAATCGGGTTGATCCGGG,
SEQ ID NO:458) and gRNA-3 (GTTGTTGAGGATCGGAAAGA, SEQ ID NO:459) are designed
to direct the Cas 9 enzyme to create double strand breaks in each StvINV allele. The Cas9 complex
can be delivered to potato meristem cells by microinjection or biolistics as detailed in Example 54.
DNA repair via the NHEJ pathway will create indels at the break site, some of which will eliminate
the gene activity.

[0497] Molecular assays can be used to identify edited plants with the StvINV disruption. Tubers
produced by the appropriately edited plants contain significantly less reducing sugar (glucose and
fructose) and produce less acrylamide. Methods to perform these assays are available in Ye et al.
(2010) Journal of Agricultural and Food Chemistry 58:12162-12167, which is incorporated by

reference in its entirety.

Example 57
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[0498] This example illustrates a method of effecting a modification in a genome in a plant cell
and thereby providing a plant cell having a modified phenotype, the method including integrating, at a
predetermined genomic locus, a nucleotide sequence encoded by a polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule. More specifically, this non-limiting example illustrates
incorporation of a miniature inverted-repeat transposable element (“MITE”; see, e. g., Fattash ef al.
(2013) Genome, 56:475-486, dx.doi.org/10.1139/gen-2012-0174) in the 5° untranslated or promoter
region of the endogenous maize nitrate-responsive gene, AMT3.

[0499] An experiment comparing the effects of incorporating an insulator element or a MITE
clement in the 5 untranslated or promoter region of a sequence of interest in a genome was performed
using protocols similar to those described in Example 21. A ctRNA (AMT3-Pro1) with the sequence
of SEQ ID NO:346, designed to effect a DSB at 147 nucleotides upstream of (5° to) the transcription
start site of the endogenous maize ammonium transporter AMT3 (GRMZM2G118950, see www]dot]
maizegdb|dot]org/gbrowse?’name=GRMZM2G118950) gene’s coding sequence, and a tracrRNA
were purchased from Integrated DNA Technologies, Coralville, IA. A AMT3-Prol guide RNA
complex was made by mixing 45 microliters of 100 micromolar tracrRNA and 45 microliters of 100
micromolar AMT3-Prol ¢crRNA, heating the mixture to 95 degrees Celsius for 5 minutes, removing
from the heating block, and allowing the tube to cool to room temperature on the benchtop.

[0500] The palindromic nucleotide sequence of the insulator was 5’-GAATATATATATATTC-
37 (SEQ ID NO:364, sce U. S. Patent 7,605,300, which is incorporated herein by reference) which
was encoded on a chemically modified, single-stranded DNA donor molecule that was
phosphorylated on the 5° end and contained two phosphorothioate linkages at each terminus (i. e., the
two linkages between the most distal three bases on either end of the strand). One hundred microliters
(100 micromolar) of the insulator solution was heated to 95 degrees Celsius for 5 minutes, then the
heat was turned off and the solution allowed to slowly cool to room temperature in the block. The
MITE was provided as a double-stranded DNA (Integrated DNA Technologies, Coralville, IA)
including a forward DNA strand having the nucleotide sequence of
TACTCCCTCCGTTTCTTTTTATTAGTCGCTGGATAGTGCAATTTTGCACTATCCAGCGACT
AATAAAAAGAAACGGAGGGAGTA (SEQ ID NO:460) and a reverse DNA strand having the
nucleotide sequence of
TACTCCCTCCGTTTCTTTTTATTAGTCGCTGGATAGTGCAAAATTGCACTATCCAGCGACT
AATAAAAAGAAACGGAGGGAGTA (SEQ ID NO:461); cach strand was phosphorylated on the
5’ end and contained two phosphorothioate linkages at the 5° terminus (i. e., the two linkages between
the most distal three bases on the 5° end of the strand).

[0501] Maize B73 protoplasts were harvested from leaves of B73 maize plants that had been
grown in nitrate-free medium for 13 days (see Examples 15, 20, and 21). One milliliter of protoplasts

(2 x 10"5 cells per milliliter) was added to each of four reaction tubes. Ribonucleoproteins (RNPs)
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were prepared by mixing 15 microliters (150 micrograms) Cas9 nuclease (Aldevron, Fargo, ND) with
the AMT3-Prolguide RNA complex, and incubating the mixture for 5 minutes at room temperature.
To the RNP solution was added 2 microliters (20 micrograms) of salmon sperm DNA (VWR Cat.
No.: 95037-160). Editing experiments were carried out in three of the four protoplast-containing
reaction tubes with 35 microliters of an RNP solution, with 50 microliters of insulator solution, MITE
solution, or buffer; the fourth reaction tube received only 85 microliters buffer and served as the null
control. To each tube was added 1.1 milliliters of 40% PEG; the reaction mixtures were mixed gently
by tapping and incubated 5 minutes at room temperature. The reactions were stopped by adding 5
milliliters of washing buffer (0.6 molar mannitol, 4 millimolar MES pH 5.7, and 20 millimolar KCI;
see Example 1) to each tube and mixed gently by inverting the tube. The tubes were centrifuged 5
minutes at 1200 rpm and the supernatant was then removed. The protoplasts were resuspended in 6
milliliters incubation solution and the protoplasts from each treatment were divided between two 10 x
10 cm dishes pre-coated with 5% calf serum; the dishes were sealed with Parafilm M® film (Bemis,
Oshkosh, WI), incubated 1 hour at 37 degrees Celsius, and then incubated an additional 47 hours at 26
degrees Celsius in the dark. Forty-eight hours after transfection, half of the plates were treated with
10 millimolar (final concentration) KNO3 and half with 10 millimolar (final concentration) KCI; cells
were incubated 1 hour, and then harvested for analysis.
[0502] Quantitative RT-PCR was employed on three technical replicates per treatment to
measure the relative expression of the AMT3 gene. The qPCR primer used included an AMT3
forward primer TCGCCACTTTGGAGTCGCAATC (SEQ ID NO:462), an AMT3 reverse primer
ACACACATACGTTCGTGCTTCG (SEQ ID NO:463), a tubulin forward primer
AAGGGATGAGATGACCTGGGACAC (SEQ ID NO:464), and a tubulin reverse primer
TGCTGGACAATGAGGCCATCTAC (SEQ ID NO:465). Results (mean of triplicates, standard
deviation) are provided in Table 32, with relative AMT3 expression levels normalized to tubulin.
The unmodified (null control) maize AMT gene is responsive to high nitrate, with an increase in
relative expression of about 21-fold, compared to relative expression under low nitrate conditions.
Editing with only an RNP (nuclease and AMT3-Prol guide RNA complex) resulted in decreasing this
response to high nitrate to about 14-fold; this could be attributed to possible disruption of the
promoter sequence and consequently possible interference with normal transcription or translation.
Integration of the MITE sequence at the AMT3Pro-1-mediated DSB resulted in about 9-fold increase
in relative expression under high nitrate. Integration of the insulator sequence at the AMT3Pro-1-
mediated DSB resulted in only about 4.5-fold increase in relative expression under high nitrate. This
demonstrates the ability to select the degree of reduction of expression of a gene (or sequence of
interest) by integration of an appropriate sequence (e. g., such as a MITE sequence or an insulator
sequence) in the regulatory region of the gene.

Table 32
| | KCl | KNO;
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Genome editing Relative Relative
treatment Expression SD Expression SD
Null 1.00 0.04 21.4 0.60
AMT3-Prol only 1.27 0.09 17.9 1.02
AMT3-Prol + MITE 1.17 0.03 10.2 0.37
AMT3-Prol + insulator 1.22 0.20 5.49 0.21
Example 58
[0503] This example illustrates a method of effecting a modification in a genome in a plant cell

and thereby providing a plant cell having a modified phenotype, the method including integrating, at a
predetermined genomic locus, a nucleotide sequence encoded by a polynucleotide (such as a double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, or a double-stranded
DNA/RNA hybrid) donor molecule. More specifically, this non-limiting example illustrates
integration of a G-box element (see, e. g., Williams ef al. (1992) Plant Cell, 4:485 — 496, Ishige et al.
(1999) Plant J., 18:443 - 448) in the 5° untranslated or promoter region of the endogenous maize (Zea
mays) Lc gene (see www|[dot]maizegdb|dot]org/gene center/gene/GRMZMS5G822829). A G-box
sequence (G-box 10) has been reported to effect strong constitutive expression in both monocot and
dicot plants; see, e. g., Ishige ef al. (1999) Plant J., 18:443 - 448.

[0504] A c¢rRNA (ZmLc Pro-3) having the sequence of SEQ ID NO:334, designed to effect a
DSB at 272 nucleotides upstream of (5° to) the transcription start site of the endogenous maize (Zea
mays) Lc gene’s coding sequence, and a tractRNA were purchased from Integrated DNA
Technologies, Coralville, IA. A ZmLc Pro-3 guide RNA complex was made by mixing 48 microliters
of 100 micromolar tracrRNA and 48 microliters of 100 micromolar ZmLc Pro-3 ¢crRNA, heating the
mixture to 95 degrees Celsius for 5 minutes, removing from the heating block, and allowing the tube
to cool to room temperature on the benchtop. A ribonucleoprotein (RNP) was made with this guide
RNA complex and Cas9 nuclease.

[0505] All dsDNA molecules were purchased from Integrated DNA Technologies, Coralville,
IA. One dsDNA (“3xDR57) molecule of 34 base pairs was produced by annealing a first strand
having the sequence 5°-ccgacaaaaggecgacaaaaggcecgacaaaaggt-3” (SEQ ID NO:306) and a second
strand having the sequence 5’ -accttttgtcggecttttgteggecttttgtcgg-3" (SEQ ID NO:307, which includes
three concatenated copies of an auxin response element having the sequence ccttttgtcgg (SEQ ID
NO:308)). A 34-nucleotide single-stranded DNA (ssDNA) molecule having the sequence 5°-
ccgacaaaaggccgacaaaaggecgacaaaaggt-3” (SEQ ID NO:306) (i. e., equivalent to only a single strand
of the “3xDR5” dsDNA molecule) was also used. A single-stranded DNA molecule encoding a self-
hybridizing (forming partially double-stranded DNA), near-palindromic G-box sequence
ACACGTGACACGTGACACGTGACACGTG (SEQ ID NO:466) was also produced. In all cases,
cach strand was phosphorylated on the 5° end and contained two phosphorothioate linkages at the 5°

terminus (7. e., the two linkages between the most distal three bases on the 5° end of the strand).
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[0506] Integration of either the 3xDRS5 donor polynucleotide sequence (as dsDNA or as ssDNA)
or the G-box donor polynucleotide sequence at the DSB located 272 nucleotides 5” to the ZmLc
gene’s TSS was performed using protocols similar to those described in the preceding Examples (e.
2., Example 57). After the PEG-mediated transfection and wash steps, the protoplast pellet was
resuspended in 4 milliliters of PIM containing 50mM calcium chloride. For gDNA isolation for T7
and qPCR assays, 1 milliliter of the suspension was plated on a 6-well plate coated with 5% calf
serum; for RNA analysis, 3 milliliters of the suspension were plated onto a 10-centimeter plate coated
with 5% calf serum containing 3 milliliters of PIM containing 50mM calcium chloride. The dishes
were sealed with Parafilm M® film (Bemis, Oshkosh, WI), incubated 1 hour at 37 degrees Celsius,
and then incubated an additional 47 hours at 26 degrees Celsius in the dark. Analysis employed a
T7E1 assay to confirm the predicted cleavage and gPCR (normalized to tubulin) to quantify editing
efficiency as described in the preceding Examples. The qPRT results are provided in Table 33. The
results confirm the predicted strong upregulation of the Le¢ gene by insertion of the G-box sequence in
the 5° UTR of the Lc gene as well as again demonstrating strong upregulation by insertion of the

3xDR35 sequence in the 5° UTR of the Lc gene.

Table 33
Treatment Lc expression SD
3xDR5/dsDNA 13.99 0.69
3xDR5/ssDNA 17.93 1.18
G-box 6.68 0.37
No Insert 0.98 0.14
Null control (no RNP) 1.00 0.08

[0507] All cited patents and patent publications referred to in this application are incorporated
herein by reference in their entirety. All of the materials and methods disclosed and claimed herein
can be made and used without undue experimentation as instructed by the above disclosure and
illustrated by the examples. Although the materials and methods of this invention have been
described in terms of embodiments and illustrative examples, it will be apparent to those of skill in the
art that substitutions and variations can be applied to the materials and methods described herein
without departing from the concept, spirit, and scope of the invention. For instance, while the
particular examples provided illustrate the methods and embodiments described herein using a
specific plant, the principles in these examples are applicable to any plant of interest; similarly, while
the particular examples provided illustrate the methods and embodiments described herein using a
particular sequence-specific nuclease such as Cas9, one of skill in the art would recognize that
alternative sequence-specific nucleases (e. g., CRISPR nucleases other than Cas9, such as CasX,
CasY, and Cpfl, zinc-finger nucleases, transcription activator-like effector nucleases, Argonaute

proteins, and meganucleases) are useful in various embodiments. All such similar substitutes and
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modifications apparent to those skilled in the art are deemed to be within the spirit, scope, and concept
of the invention as encompassed by the embodiments of the inventions recited herein and the

specification and appended claims.
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What 1s claimed is:

L. A method of modifying a plant cell by creating a plurality of targeted modifications in the

genome of the cell, comprising:

contacting the genome with one or more targeting agents, wherein the one or more agents
comprise or encode predetermined peptide or nucleic acid sequences, wherein the predetermined
peptide or nucleic acid sequences bind preferentially at or near predetermined target sites within the
plant genome, and wherein the binding directs the generation of the plurality of targeted modifications

within the genome;

wherein the plurality of targeted modifications occurs without an intervening step of
separately identifying an individual modification and without a step of separately selecting for the
occurrence of an individual modification among the plurality of targeted modifications mediated by

the targeting agents;

and wherein the targeted modifications alter at least one trait of the plant cell, or at least one
trait of a plant comprising the plant cell, or at least one trait of a plant grown from the plant cell, or

result in a detectable phenotype in the modified plant cell;

and wherein at least two of the targeted modifications are insertions of predetermined
sequences encoded by one or more polynucleotide donor molecules, and wherein at least one of the
polynucleotide donor molecules lacks homology to the genome sequences adjacent to the site of

insertion.

2. The method of claim 1 wherein the plant cell has a ploidy of 2n, with n being a value selected
from the group consisting 0of 0.5, 1, 1.5, 2,2.5,3,3.5, 4, 5, and 6, and wherein the method generates

2n targeted modifications at 2n loci of the predetermined target sites within the genome; and

wherein 2n of the targeted modifications are insertions or creations of predetermined

sequences encoded by one or more polynucleotide donor molecules.

3. The method of claim 1 or 2, wherein at least one of the polynucleotide donor molecules is a
single stranded DNA molecule, a single stranded RNA molecule, a single stranded DNA-RNA hybrid
molecule, or a duplex RNA-DNA molecule.

4. The method of claim 1, 2, or 3, wherein at least one insertion is a non-coding regulatory
clement.
5. The method of any of claims 1-4, wherein said polynucleotide donor molecules have a length

of at least 5 nucleotides.

6. The method of any of claims 1-5,
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a. wherein the genome of the modified cell does not comprise a nuclease, or a selection
marker, or both, stably linked integrated as a result of the targeted modifications;

and/or
b. wherein the method is conducted without the use of a selection marker; and/or
¢. wherein the agents employed in the method do not comprise a vector.

7. The method of any of claims 1-6, wherein the method results in a non-transgenic plant cell

containing homozygous edits, without an intervening chromosome segregation event.

8. The method of any of claim 1-7, wherein at least one of the polynucleotide donor

molecules is provided as a ribonucleoprotein (RNP) polynucleotide composition.

9. The method of any of claims 1-8, wherein said RNP comprises an RNA-guided nuclease

and

(a) a CRISPR RNA (crRNA) that comprises a guide RNA (gRNA), or a polynucleotide

that encodes a crRNA, or a polynucleotide that is processed into a ctRNA; or

(b) a single guide RNA (sgRNA) that comprises the gRNA, or a polynucleotide that
encodes a sgRNA, or a polynucleotide that is processed into a sgRNA.

10. The method of any of claims 1-9, wherein the modified plant cell is a meristematic cell,

embryonic cell, or germline cell.

11. The method of any of claims 1-10, wherein repetition of the method results in an efficiency
of at least 1%, wherein said efficiency is determined by dividing the number of successfully targeted

cells by the total number of cells targeted.

12. The method of any of claims 1-11 wherein at least one of the targeted modifications is an

insertion between at least 3 and 400 nucleotides in length.

13. The method of any of claims 1-12, wherein at least one of the targeted modifications is an

insertion between 10 and 350 nucleotides in length.

14. The method of any of claims 1-13, wherein at least one double-stranded break (DSB) is

introduced into the genome, and wherein

@ the at least one DSB is two blunt-ended DSBs, resulting in deletion of genomic
sequence between the two blunt-ended DSBs, and wherein the polynucleotide molecule is selected
from the group consisting of a blunt-ended double-stranded DNA, a single-stranded DNA, a single-
stranded DNA/RNA hybrid, and a blunt-ended double-stranded DNA/RNA hybrid and is integrated

into the genome between the two blunt-ended DSBs; or
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(b) the at least one DSB is two DSBs, wherein the first DSB is blunt-ended and the
second DSB has an overhang, resulting in deletion of genomic sequence between the two DSBs, and
wherein the polynucleotide molecule is a double-stranded DNA or double-stranded DNA/RNA hybrid
that is blunt-ended at one terminus and has an overhang on the other terminus, or is a single-stranded
DNA or a single-stranded DNA/RNA hybrid, and is integrated into the genome between the two
DSBs; or

() the at least one DSB is two DSBs, each having an overhang, resulting in deletion of
genomic sequence between the two DSBs, and wherein the polynucleotide molecule is a double-
stranded DNA or double-stranded DNA/RNA hybrid that has an overhang at each terminus or is a
single-stranded DNA or a single-stranded DNA/RNA hybrid, and is integrated into the genome
between the two DSBs.

15. The method of any of claims 9-14 wherein the donor polynucleotide is tethered to a crRNA

by a covalent bond, a non-covalent bond, or a combination of covalent and non-covalent bonds.

16. The method of any of claims 1-15, wherein the genome of the modified plant cell has not
more unintended changes in comparison to the genome of the original plant than 2x 10~ mutations per

bp per replication.

17. The method of any of claims 1-16, wherein the modified plant cell is identical to the original
plant cell but for (i) the targeted insertions, and (ii) the naturally occurring mutation rate as a

consequence of multiplying the cell, and, optionally (iii) any off-target mutations.

18. The method of any of claims 1-17, wherein at least one DSB is introduced into the

genome by at least one of the group consisting of:

(a) anuclease selected from the group consisting of an RNA-guided nuclease, an RNA-
guided DNA endonuclease, a type II Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a CasY, a
CasX, a C2c1, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-finger nuclease
(ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an Argonaute, a

meganuclease, an engineered meganuclease, a recombinase, integrase, and a transposase;

(b) a polynucleotide encoding one or more nucleases capable of effecting site-specific

alteration of a target nucleotide sequence; and

() a guide RNA (gRNA) for an RNA-guided nuclease, and a DNA encoding a gRNA for
an RNA-guided nuclease.

19. The method of any of claims 1-18, wherein at least one DSB is introduced into the genome

by at least one treatment selected from the group consisting of:

(a) bacterially mediated transfection;
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(b) biolistics or particle bombardment;
©) treatment with at least one chemical, enzymatic, or physical agent; and

(d) application of heat or cold, ultrasonication, centrifugation, positive or negative

pressure, cell wall or membrane disruption or deformation, or electroporation.

20. The method of any of claims 1-19, wherein at least one DSB is introduced in the genome: (a)
within a sequence of interest, (b) upstream of a sequence of interest, or (¢) downstream of a sequence

of interest.

21. The method of any of claims 1-20, wherein a polynucleotide molecule, when integrated into

the genome, is functionally or operably linked to the sequence of interest.

22. The method of claim 21, wherein the polynucleotide molecule comprises at least one of the

nucleotide sequences selected from the group consisting of:

(a) DNA or RNA encoding at least one stop codon, or at least one stop codon on each

strand, or at least one stop codon within each reading frame on each strand,
(b) DNA or RNA encoding heterologous primer sequence;
©) DNA or RNA encoding a unique identifier sequence;
(d) DNA or RNA encoding a transcript-stabilizing sequence;
©) DNA or RNA encoding a transcript-destabilizing sequence;

® a DNA or RNA aptamer, or DNA encoding an RNA aptamer, or DNA or RNA

encoding an amino acid aptamer; and

(2) DNA or RNA encoding a sequence recognizable by a specific binding agent.

23. The method of any of claims 1-22 further comprising obtaining a plant from the modified
plant cell.
24. The method of any of claims 1-22, wherein the modified plant cell is identical to the

original plant cell but for (i) the targeted insertions, (i1) mutations arising naturally during mitotic

propagation, and optionally, (iii) any off-target mutations.
25. A method of manufacturing a commercial seed, comprising:
(a) engineering a plant cell according to the method of any one of the preceding claims,

(b) growing a modified plant from said plant cell, and optionally further multiplying or
propagating said plant, and

©) using said plant to produce commercial seed.
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26. A modified plant or plant part derived from the modified cell resulting from the method of

any of claims 1-24.

27. A method of manufacturing a plant comprising a modified cell, wherein said modified cell is

generated by the method of any of claims 1-24.

28. A method of manufacturing a plant comprising growing a plant from a modified cell, wherein

said modified cell is generated by the method of any of claims 1-24.

29. A modified plant cell, wherein said plant cell comprises at least 2 separately targeted
modifications in its genome, wherein the targeted modifications are determined relative to an original
plant cell, and wherein the modified plant cell is genetically identical to the original plant with the
exception of the targeted insertions and any changes as a consequence of multiplying said modified

plant cell.

30. A plant, comprising modified plant cells, wherein each of said modified plant cells comprises
at least 2 separately targeted modifications in its genome, wherein the modifications are determined
relative to an original plant cell, and wherein the plant is genetically identical to the original plant
with the exception of the targeted modifications and any changes as a consequence of regenerating or

growing said plant from a plant cell of claim 29, and — optionally — further propagating said plant.

31. A plant cell of claim 29 or a plant of claim 30, wherein the changes as a consequence of

multiplication or propagation are less than 2x10'° mutations per bp per replication.
propag per bp per rep

242



WO 2018/140899 PCT/US2018/015793

AMENDED CLAIMS
received by the International Bureau on 16 June 2018 (16.06.2018)

1. A method of modifying a diploid, tetraploid, or hexaploid plant cell by creating a plurality

of targeted modifications in the genome of the plant cell, comprising:

contacting the genome with one or more targeting agents, wherein the one or more
targeting agents comprise or encode predetermined peptide or nucleic acid sequences, wherein
the predetermined peptide or nucleic acid sequences bind preferentially at or near predetermined
target sites in multiple loci within the genome of the plant cell, and wherein the binding directs
the generation of the plurality of targeted modifications within the genome, thereby resulting in a

modified plant cell;

wherein the plurality of targeted modifications occurs without an intervening step of
separately identifying an individual modification and without a step of separately selecting for the
occurrence of an individual modification among the plurality of targeted modifications mediated

by the targeting agents;

and wherein the targeted modifications alter at least one trait of the modified plant cell, or
at least one trait of a plant comprising the modified plant cell, or at least one trait of a plant grown

from the modified plant cell, or result in a detectable phenotype in the modified plant cell;

and wherein at least two of the targeted modifications are insertions of predetermined
sequences encoded by one or more polynucleotide donor molecules, and wherein at least one of
the polynucleotide donor molecules lacks homology to the genome sequences adjacent to the site

of insertion.

2. The method of claim 1 wherein the multiple loci comprise a locus in all alleles of a gene
or sequence, and wherein the insertions of predetermined sequences encoded by one or more
polynucleotide donor molecules comprise an insertion in the locus in all alleles of the gene or
sequence, resulting in a homozygous modification of the gene or sequence in the genome of the

modified plant cell.

3. The method of claim 1 or 2, wherein at least one of the polynucleotide donor molecules 1s
a single stranded DNA molecule, a single stranded RNA molecule, a single stranded DNA-RNA
hybrid molecule, or a duplex RNA-DNA molecule.

4. The method of claim 1 or 2, wherein at least one insertion is a non-coding regulatory

element.
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5. The method of claim 1 or 2, wherein the polynucleotide donor molecules have a length of

at least 5 nucleotides.
6. The method of claim 1 or 2,

a. wherein the genome of the modified plant cell does not comprise a nuclease, or a
selection marker, or both, stably linked integrated as a result of the targeted

modifications; and/or
b. wherein the method is conducted without the use of a selection marker; and/or
c. wherein the agents employed in the method do not comprise a vector.

7. The method of claim 1 or 2, wherein the method results in a non-transgenic modified
plant cell containing homozygous modifications in the genome of the modified plant cell-edits,

without an intervening chromosome segregation event.

8. The method of claim 1 or 2, wherein at least one of the polynucleotide donor

molecules is provided as a ribonucleoprotein (RNP) polynucleotide composition.
9. The method of claim 8, wherein the RNP comprises an RNA-guided nuclease and

(a) a CRISPR RNA (crRNA) that comprises a guide RNA (gRNA), or a

polynucleotide that encodes a crRNA, or a polynucleotide that is processed into a crRNA; or

(b) a single guide RNA (sgRNA) that comprises the gRNA, or a polynucleotide that
encodes a sgRNA, or a polynucleotide that is processed into a sgRNA.

10. The method of claim 1 or 2, wherein the modified plant cell is a meristematic cell,

embryonic cell, or germline cell.

11. The method of claim 1 or 2, wherein practice or repetition of the method results in an
efficiency of at least 1%, wherein the efficiency is determined by dividing the number of

successfully targeted cells by the total number of cells targeted.

12. The method of claim 1 or 2, wherein at least one of the targeted modifications is an
msertion of a predetermined sequence that is between 3 and 400 nucleotides in length and that is

encoded by a polynucleotide donor molecule.

13. The method of claim 1 or 2, wherein at least one of the targeted modifications is an
msertion of a predetermined sequence that is between 10 and 350 nucleotides in length and that is

encoded by a polynucleotide donor molecule.

14. The method of claim 1 or 2, wherein at least one double-stranded break (DSB) is

mtroduced into the genome, and wherein
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(a) the at least one DSB is two blunt-ended DSBs, resulting in deletion of genomic
sequence between the two blunt-ended DSBs, and wherein a predetermined sequence encoded by
a polynucleotide donor molecule selected from the group consisting of a blunt-ended double-
stranded DNA, a single-stranded DNA, a single-stranded DNA/RNA hybrid, and a blunt-ended
double-stranded DNA/RNA hybrid is integrated into the genome between the two blunt-ended
DSBs; or

(b) the at least one DSB is two DSBs, wherein the first DSB is blunt-ended and the
second DSB has an overhang, resulting in deletion of genomic sequence between the two DSBs,
and wherein a predetermined sequence encoded by a polynucleotide donor molecule that is a
double-stranded DNA or double-stranded DNA/RNA hybrid that is blunt-ended at one terminus
and has an overhang on the other terminus, or that is a single-stranded DNA or a single-stranded

DNA/RNA hybrid, is integrated into the genome between the two DSBs; or

(©) the at least one DSB 1s two DSBs, each having an overhang, resulting in deletion
of genomic sequence between the two DSBs, and wherein a predetermined sequence encoded by
a polynucleotide donor molecule that is a double-stranded DNA or double-stranded DNA/RNA
hybrid that has an overhang at each terminus, or that 1s a single-stranded DNA or a single-

stranded DNA/RNA hybrid, is integrated into the genome between the two DSBs.

15. The method of claim 1 or 2, wherein the donor polynucleotide is tethered to a crRNA by

a covalent bond, a non-covalent bond, or a combination of covalent and non-covalent bonds.

16. The method of claim 1 or 2, wherein the genome of the modified plant cell has not more
unintended changes in comparison to the genome of the original plant than 2x10™ mutations per

bp per replication.

17. The method of claim 1 or 2, wherein the modified plant cell is identical to the original
plant cell but for (i) the targeted insertions, and (i1) the naturally occurring mutation rate as a

consequence of multiplying the cell, and, optionally (ii1) any off-target mutations.

18. The method of claim 1 or 2, wherein at least one DSB 1is introduced into the genome

by at least one of the group consisting of’

(a) a nuclease selected from the group consisting of an RNA-guided nuclease, an
RNA-guided DNA endonuclease, a type II Cas nuclease, a Cas9, a type V Cas nuclease, a Cpfl, a
CasY, a CasX, a C2cl, a C2¢3, an engineered nuclease, a codon-optimized nuclease, a zinc-
finger nuclease (ZFN), a transcription activator-like effector nuclease (TAL-effector nuclease), an
Argonaute, a meganuclease, an engineered meganuclease, a recombinase, integrase, and a

transposase;,
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(b) a polynucleotide encoding one or more nucleases capable of effecting site-specific

alteration of a target nucleotide sequence; and

(©) a guide RNA (gRNA) for an RNA-guided nuclease, and a DNA encoding a
2RNA for an RNA-guided nuclease.

19. The method of claim 1 or 2, wherein at least one DSB 1is introduced into the genome by

at least one treatment sclected from the group consisting of:
(a) bacterially mediated transfection;
(b) biolistics or particle bombardment;
(©) treatment with at least one chemical, enzymatic, or physical agent; and

(d) application of heat or cold, ultrasonication, centrifugation, positive or negative

pressure, cell wall or membrane disruption or deformation, or electroporation.

20. The method of claim 1 or 2, wherein at least one DSB is introduced in the genome: (a)
within a sequence of interest, (b) upstream of a sequence of interest, or (¢) downstream of a

sequence of interest.

21. The method of claim 1 or 2, wherein a predetermined sequence encoded by a
polynucleotide donor molecule, when integrated into the genome, is functionally or operably

linked to a sequence of interest.

22. The method of claim 21, wherein the polynucleotide donor molecule comprises at least

one of the nucleotide sequences selected from the group consisting of’

(a) DNA or RNA encoding at least one stop codon, or at least one stop codon on each

strand, or at least one stop codon within each reading frame on each strand;
(b) DNA or RNA encoding heterologous primer sequence;
(©) DNA or RNA encoding a unique identifier sequence;
(d) DNA or RNA encoding a transcript-stabilizing sequence;
(e) DNA or RNA encoding a transcript-destabilizing sequence;

®) a DNA or RNA aptamer, or DNA encoding an RNA aptamer, or DNA or RNA

encoding an amino acid aptamer; and
(2) DNA or RNA encoding a sequence recognizable by a specific binding agent.

23. The method of claim 1 or 2, further comprising obtaining a modified plant from the
modified plant cell.
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24, The method of claim 23, wherein the genome of the modified plant is identical to that
of the original plant cell but for (1) the targeted insertions, (i1) mutations arising naturally during

mitotic propagation, and optionally, (ii1) any off-target mutations.
25. A method of manufacturing a commercial seed, comprising:
(a) engineering a plant cell according to the method of claim 1 or 2,

(b) growing a modified plant from the plant cell, and optionally further multiplying or
propagating the modified plant, and

©) using the modified plant to produce commercial seed.

26. A modified plant or plant part derived from the modified plant cell resulting from the

method of claims 1 or 2.

27. A method of manufacturing a plant comprising a modified cell, wherein the modified cell

1s generated by the method of claims 1 or 2.

28. A method of manufacturing a plant comprising growing a plant from a modified plant

cell, wherein the modified plant cell is generated by the method of claims 1 or 2.

29. A modified diploid, tetraploid, or hexaploid plant cell, wherein the modified plant cell
comprises at least 2 separately targeted modifications in its genome, wherein at least two of the
targeted modifications are insertions of predetermined sequences encoded by one or more
polynucleotide donor molecules, wherein at least one of the polynucleotide donor molecules lacks
homology to the genome sequences adjacent to the site of insertion, wherein the targeted
modifications are determined relative to an original plant cell, and wherein the modified plant cell
is genetically identical to the original plant cell with the exception of the targeted modifications

and any changes as a consequence of multiplying the modified plant cell.

30. A modified plant regenerated or grown from the modified plant cell of claim 29,
comprising at least some cells that comprise in their genome the at least 2 separately targeted
modifications and that are genetically identical to the original plant cell with the exception of the
targeted modifications and any changes as a consequence of regenerating or growing the
modified plant from the modified plant cell of claim 29, and — optionally — further propagating
the modified plant.

31. The modified plant cell of claim 29 or the modified plant of claim 30, wherein the
changes as a consequence of multiplying the modified plant cell or the changes as a consequence
of regenerating or growing the modified plant and optionally propagating the modified plant are

less than 2.9x10® substitutions per site per generation.
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STATEMENT UNDER PCT ARTICLE 19(1)

The above amendments to the Claims are being submitted in accordance with the

Patent Cooperation Treaty Article 19.

The differences between the claims as filed and the claims as amended are provided
herein.

Claims 1, 2, and 4 — 31 are amended.

Claim 3 is unchanged.

No claims are canceled. No new claims are added.

The above-described amendments do not go beyond the disclosure of the international

application as filed, and entry of these amendments is respectfully requested.

Replacement sheets effecting the above-described amendments are being transmitted

herewith.
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Figure 1A

NCBI gi 22123 230 ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 230 pl-62.1% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 229 p2-7.43% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 228 p3-3.91% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 229 p4-3.9% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 227 p5-3.63% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 226 p6-3.32% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 225 p7-2.93% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 224 p8-2.68% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 231 p9-2.57% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 231 pl0-1.01% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 224 pll-0.87% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 227 pl2-0.65% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 222 pl3-0.55% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 226 pl4-0.51% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 223 pl5-0.5% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 220 pl6-0.36% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 229 pl7-0.33% -ATATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 228 pl8-0.32% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 231 pl9-0.31% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 221 p20-0.28% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 229 p2l1-0.27% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 221 p22-0.22% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 227 p23-0.22% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 228 p24-0.21% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 225 p25-0.21% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 237 p26-0.2% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 263 p27-0.19% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
CONTIG 221 p28-0.18% ACTATGCGATTGCTTTCCTGGACCCGTGCAGCTGCGGTGGCATGGGAGGC
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NCBI gi 22123 230 CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 230 pl-62.1% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 229 p2-7.43% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 228 p3-3.91% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 229 p4-3.9% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 227 p5-3.63% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 226 p6-3.32% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 225 p7-2.93% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 224 p8-2.68% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 231 p9-2.57% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 231 pl0-1.01% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 224 pll-0.87% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 227 pl2-0.65% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 222 pl3-0.55% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 226 pl4-0.51% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 223 pl5-0.5% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 220 pl6-0.36% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 229 pl7-0.33% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 228 pl8-0.32% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 231 pl9-0.31% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 221 p20-0.28% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 229 p2l1-0.27% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 221 p22-0.22% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 227 p23-0.22% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 228 p24-0.21% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 225 p25-0.21% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 237 p26-0.2% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 263 p27-0.19% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
CONTIG 221 p28-0.18% CGGCAAGCCACTGTCGATCGAGGAGGTGGAGGTAGCGCCTCCGCAGGCCA
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Figure 1B

NCBI gi 22123 230 TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT -
CONTIG 230 pl-62.1% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT -
CONTIG 229 p2-7.43% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 228 p3-3.91% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 229 p4-3.9% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACT - -
CONTIG 227 p5-3.63% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 226 p6-3.32% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 225 p7-2.93% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 224 p8-2.68% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 231 p9-2.57% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGTT
CONTIG 231 pl0-1.01% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGCT
CONTIG 224 pll-0.87% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC---
CONTIG 227 pl2-0.65% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC---
CONTIG 222 pl3-0.55% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG--
CONTIG 226 pl4-0.51% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC---
CONTIG 223 pl5-0.5% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 220 pl6-0.36% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC---
CONTIG 229 pl7-0.33% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT-
CONTIG 228 pl8-0.32% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACC--
CONTIG 231 pl9-0.31% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGAT
CONTIG 221 p20-0.28% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC---
CONTIG 229 p2l1-0.27% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT-
CONTIG 221 p22-0.22% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
CONTIG 227 p23-0.22% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT-
CONTIG 228 p24-0.21% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAT- -~
CONTIG 225 p25-0.21% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC---
CONTIG 237 p26-0.2% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGTT
CONTIG 263 p27-0.19% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGGA
CONTIG 221 p28-0.18% TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCG-----
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NCBI gi 22123 230 —------mmmmomo oo CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 230 pl-62.1%  ---------—-——-mm- CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 229 p2-7.43%  ——-----m-mommmmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 228 P3-3.91%  -------m-mommmmm Teo-mmm - ACT----TCTG- - - -GGAGGCCAA
CONTIG 229 p4-3.9%  —----m-mmmomommmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 227 P5-3.63%  —---m-mm-mmmmmmmmmmm o ACT----TCTG- - - -GGAGGCCAA
CONTIG 226 P6-3.32%  -—-----mmmmmmmmmmo e mom o= CT----TCTG- - - -GGAGGCCAA
CONTIG 225 P7-2.93%  ——--m--mmmmmmmmmmm oo T----TCTG- - - -GGAGGCCAA
CONTIG 224 P8-2.68%  ——--=-—=-m——mmmmmmmmmo o e TCTG- - - -GGAGGCCAA
CONTIG 231 P9-2.57%  —----m-m-mommmmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 231 pl0-1.01% -------mmmomommmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 224 P1l1-0.87% —------m-mmmmmmmmmmme oo T----TCTG- - - -GGAGGCCAA
CONTIG 227 Pl2-0.65% ----------o-ommmm Teo-mmm - ACT----TCTG- - - -GGAGGCCAA
CONTIG 222 P13-0.55% ——=-m-mmmmmm o oo oo mmo oo TG- - - -GGAGGCCAA
CONTIG 226 P1l4-0.51% ——----mmmmmmmmmmmomm oo ACT----TCTG- - - -GGAGGCCAA
CONTIG 223 P15-0.5% === --=-m—mmmmmmm o oo oo oo CTG- - - -GGAGGCCAA
CONTIG 220 P16-0.36% —---=- - -——mmm oo oo o mmo oo G----GGAGGCCAA
CONTIG 229 pl7-0.33% —------m-momommmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 228 pl8-0.32% ------------ommm- Teo-mmm - ACT----TCTG- - - -GGAGGCCAA
CONTIG 231 pl9-0.31% -------m-momommmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 221 P20-0.28% ——=-=-—mmmmmmm oo oo e oo TG- - - -GGAGGCCAA
CONTIG 229 P21-0.27% -----=---—--=-— Teo-mmm - ACT----TCTG- - - -GGAGGCCAA
CONTIG 221 P22-0.22% —-=-=-—mmmmmmm oo oo mmo oo G----GGAGGCCAA
CONTIG 227 P23-0.22% -------m-mmmmmmmmo oo e = CT----TCTG- - - -GGAGGCCAA
CONTIG 228 p24-0.21% ----------omommmm CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 225 P25-0.21% -------m-mommmmmmm oo CT----TCTG- - - -GGAGGCCAA
CONTIG 237 p26-0.2%  TTTTTT----------- CT------- ACT----TCTG- - - -GGAGGCCAA
CONTIG 263 p27-0.19% AGAAAACCTGATGGAGTCTGCAAAAGACCTGAGACTGGGAGGGAGGCCAA
CONTIG 221 P28-0.18% —-----mmmmmmmmmm oo TCTG- - - -GGAGGCCAA

* khkkkhkhkkhk*k



WO 2018/140899 3/18 PCT/US2018/015793

Figure 1C

NCBI gi 22123 230 GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 230 pl-62.1% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 229 p2-7.43% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 228 p3-3.91% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 229 p4-3.9% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 227 p5-3.63% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 226 p6-3.32% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 225 p7-2.93% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 224 p8-2.68% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 231 p9-2.57% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 231 pl0-1.01% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 224 pll-0.87% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 227 pl2-0.65% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 222 pl3-0.55% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 226 pl4-0.51% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 223 pl5-0.5% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 220 pl6-0.36% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 229 pl7-0.33% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 228 pl8-0.32% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 231 pl9-0.31% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 221 p20-0.28% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 229 p21-0.27% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 221 p22-0.22% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 227 p23-0.22% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 228 p24-0.21% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 225 p25-0.21% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 237 p26-0.2% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 263 p27-0.19% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
CONTIG 221 p28-0.18% GGTATCTAATCAGCCATCCCATTTGTGATCTTTGTCAGTAGATATGATAC
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SEQ ID NO:47)
SEQ ID NO:48)
SEQ ID NO:49)
SEQ ID NO:50)
SEQ ID NO:51)
SEQ ID NO:52)
SEQ ID NO:53)
SEQ ID NO:54)
SEQ ID NO:55)
SEQ ID NO:56)
SEQ ID NO:57)
SEQ ID NO:58)

NCBI gi 22123 230 AACAACTCGCGGT (
CONTIG 230 pl-62.1% AACAACTCGCGGT (
CONTIG 229 p2-7.43% AACAACTCGCGGT (
CONTIG 228 p3-3.91% AACAACTCGCGGT (
CONTIG 229 p4-3.9% AACAACTCGCGGT (
CONTIG 227 p5-3.63% AACAACTCGCGGT (
CONTIG 226 p6-3.32% AACAACTCGCGGT (
CONTIG 225 p7-2.93% AACAACTCGCGGT (
CONTIG 224 p8-2.68% AACAACTCGCGGT (
CONTIG 231 p9-2.57% AACAACTCGCGGT (
CONTIG 231 pl0-1.01% AACAACTCGCGGT (
CONTIG 224 pll-0.87% AACAACTCGCGGT (
CONTIG 227 pl2-0.65% AACAACTCGCGGT (SEQ ID NO:59)
CONTIG 222 pl3-0.55% AACAACTCGCGGT (SEQ ID NO:60)
CONTIG 226 pl4-0.51% AACAACTCGCGGT (SEQ ID NO:61)
CONTIG 223 pl5-0.5% AACAACTCGCGGT (SEQ ID NO:62)
CONTIG 220 pl6-0.36% AACAACTCGCGGT (SEQ ID NO:63)
CONTIG 229 pl7-0.33% AACAACTCGCGGT (SEQ ID NO:64)
CONTIG 228 pl8-0.32% AACAACTCGCGGT (SEQ ID NO:65)
CONTIG 231 pl9-0.31% AACAACTCGCGGT (SEQ ID NO:66)
CONTIG 221 p20-0.28% AACAACTCGCGGT (SEQ ID NO:67)
CONTIG 229 p21-0.27% AACAACTCGCGGT (SEQ ID NO:68)
CONTIG 221 p22-0.22% AACAACTCGCGGT (SEQ ID NO:69)
CONTIG 227 p23-0.22% AACAACTCGCGGT (SEQ ID NO:70)
CONTIG 228 p24-0.21% AACAACTCGCGGT (SEQ ID NO:71)
CONTIG 225 p25-0.21% AACAACTCGCGGT (SEQ ID NO:72)
CONTIG 237 p26-0.2% AACAACTCGCGGT (SEQ ID NO:73)
CONTIG 263 p27-0.19% AACAACTCGCGGT (SEQ ID NO:74)
CONTIG 221 p28-0.18% AACAACTCGCGGT (SEQ ID NO:75)
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Figure 2A

NCBI gi 392931134 255 GAAACCTACCAGTCTCTCCTTTGAAGAAGACATGAACAAAATTAGCCACG
CONTIG 256_pl 55.02% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 256_p2 23.68% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 255 p3 5.63% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 p4 4.3% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 250 p5 2.36% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 p6_1.43% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 p7 _1.03% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 254 p8 0.73% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 255 p9 0.64% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 255 pl0_0.61 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 253 pll 0.52 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 252 pl2 0.45 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 pl3 0.39 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 249 pl4 0.33 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 249 pl5 0.31 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 ple_0.29 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 252 pl7 0.25 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 251 pl8 0.2% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 253 plo 0.17 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 255 p20_0.16 G-AACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 247 p21 0.15 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 248 p22 0.15 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 251 p23 0.15 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 245 p24 0.14 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 p25 0.14 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 257 p26_0.13 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 253 p27 0.11 GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 254 p28 0.1% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 251 p29 0.1% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 254 p30_0.09% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
CONTIG 249 p31 0.09% GAAACCTACCAGTCTCTCCTTTGAAGAAAACATGAACAAAATTAGCCACG
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Figure 2B

NCBI gi 392931134 255 GCGCTCTA-TCTCGGCCTTCCG-GTAACGTTTCTTGTTCAATAT-TGTTG
CONTIG 256_pl 55.02% GCGCTCTC-TCTCGGCCTTCCG-GTAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 256_p2 23.68% GCGCTCTC-TCTCGGCCTTCCG-GTAATGTTTCTTGTTCAGTATTTGTTG
CONTIG 255 p3 5.63% GCGCTCTC-TCTCGGCCTTCCG- -TAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 257 p4 4.3% GCGCTCTC-TCTCGGCCTTCCGGGTAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 250 p5 2.36% GCGCTCTC-TCTCGGCCTTCC-~-~-~-~-~-~ GTTTCTTGTTCAGTATTTGTTG
CONTIG 257 p6_1.43% GCGCTCTC-TCTCGGCCTTCCAGGTAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 257 p7 _1.03% GCGCTCTC-TCTCGGCCTTCCGGGTAATGTTTCTTGTTCAGTATTTGTTG
CONTIG 254 p8 0.73% GCGCTCTC-TCTCGGCCTTCC---TAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 255 p9 0.64% GCGCTCTC-TCTCGGCCTTCCG- -TAATGTTTCTTGTTCAGTATTTGTTG
CONTIG 255 pl0_0.61 GCGCTCTC-TCTCGGCCTTCG--GTAACGTTTCTTGTTCAGTATTTGTTG

o\°

CONTIG 253 pll 0.52% GCGCTCTC-TCTCGGCCTTCCG----ACGTTTCTTGTTCAGTATTTGTTG
CONTIG 252 pl2 0.45% GCGCTCTC-TCTCGGCCTTCCG----- CGTTTCTTGTTCAGTATTTGTTG
CONTIG 257 pl3_0.39% GCGCTCTC-TCTCGGCCTTCCTGGTAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 249 pl4 0.33% GCGCTCTC-TCTCGGCCTTCCG-------- TTCTTGTTCAGTATTTGTTG
CONTIG 249 pl5 0.31% GCGCTCTC-TCTCGGCCTTCC-------- TTTCTTGTTCAGTATTTGTTG
CONTIG 257 pl6_0.29% GCGCTCTC-TCTCGGCCTTCCCGGTAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 252 pl7 0.25% GCGCTCTC-TCTCGGCCTTCC----- ACGTTTCTTGTTCAGTATTTGTTG
CONTIG 251 pl8 0.2% GCGCTCTC-TCTCGGCCTTCC-~-~-~-~-~ CGTTTCTTGTTCAGTATTTGTTG
CONTIG 253 pl9 0.17% GCGCTCTC-TCTCGGCCTTCC----AACGTTTCTTGTTCAGTATTTGTTG
CONTIG 255 p20_0.16% GCGCTCTC-TCTCGGCCTTCCG-GTAACGTTTCTTGTTCAGTATTTGTTG
CONTIG 247 p2l1 0.15% GCGCTCTC-TCTCGGCCTTCC---------- TCTTGTTCAGTATTTGTTG
CONTIG 248 p22 0.15% GCGCTCTC-TCTCGGCCTTCC--------- TTCTTGTTCAGTATTTGTTG
CONTIG 251 p23 0.15% GCGCTCTC-TCTCGGCCTTCCG------ GTTTCTTGTTCAGTATTTGTTG
CONTIG 245 p24 0.14% GCGCTCTC-TCTCGGCCT------------ TTCTTGTTCAGTATTTGTTG

CONTIG 257 p25_0.14
CONTIG 257 p26_0.13

o\°

GCGCTCTC-TCTCGGCCTTCCGTGTAACGTTTCTTGTTCAGTATTTGTTG
GCGCTCTCATCTCGGCCTTCCG-GTAATGTTTCTTGTTCAGTATTTGTTG

o\°

CONTIG 253 p27 0.11% GCGCTCTC-TCTCGGCCTTCCG----ATGTTTCTTGTTCAGTATTTGTTG
CONTIG 254 p28 0.1% GCGCTCTC-TCTCGGCCTTGG- - -TAATGTTTCTTGTTCAGTATTTGTTG
CONTIG 251 p29 0.1% GCGCTCTCTTCTCGGCCTTCC-~-~-~-~-~~ GTTTCTTGTTCAGTATTTGTTG
CONTIG 254 p30_0.09% GCGCTCTC-TCTCGGCCTTCCG---AACGTTTCTTGTTCAGTATTTGTTG
CONTIG 249 p31 0.09% GCGCTCTC-TCTCGGCCTTCC-------- CTTCTTGTTCAGTATTTGTTG
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Figure 2C

NCBI gi 392931134 255 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 256 _pl 55.02% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 256 _p2 23.68% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 255 p3 5.63% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 p4 4.3% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 250 p5 2.36% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 p6_1.43% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 p7 _1.03% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 254 p8 0.73% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 255 p9 0.64% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 255 pl0_0.61 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 253 pll 0.52 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 252 pl2 0.45 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 pl3 0.39 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 249 pl4 0.33 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 249 pl5 0.31 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 ple_0.29 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 252 pl7 0.25 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 251 pl8 0.2% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 253 plo 0.17 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 255 p20_0.16 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 247 p21 0.15 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 248 p22 0.15 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 251 p23 0.15 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 245 p24 0.14 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 p25 0.14 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 257 p26_0.13 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 253 p27 0.11 TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 254 p28 0.1% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 251 p29 0.1% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 254 p30_0.09% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
CONTIG 249 p31 0.09% TATTTGCTTTCATATGACCAAATTCTTCATAATTAAAGATCGGTATAGAA
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Figure 2D

NCBI gi 392931134 255 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 256_pl 55.02% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 256_p2 23.68% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 255 p3 5.63% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 p4 4.3% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 250 p5 2.36% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 p6_1.43% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 p7 _1.03% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 254 p8 0.73% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 255 p9 0.64% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 255 pl0_0.61 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 253 pll 0.52 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 252 pl2 0.45 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 pl3 0.39 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 249 pl4 0.33 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 249 pl5 0.31 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 ple_0.29 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 252 pl7 0.25 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 251 pl8 0.2% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 253 plo 0.17 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 255 p20_0.16 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 247 p21 0.15 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 248 p22 0.15 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 251 p23 0.15 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 245 p24 0.14 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 p25 0.14 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 257 p26_0.13 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 253 p27 0.11 GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 254 p28 0.1% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 251 p29 0.1% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 254 p30_0.09% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
CONTIG 249 p31 0.09% GTCATAGATTACATATATGTACATTTGCACGGGTGAGTTTGCAACAAATG
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Figure 2E

NCBI gi 392931134 255 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 256 _pl 55.02% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 256 _p2 23.68% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 255 p3 5.63% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 p4 4.3% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 250 p5 2.36% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 p6_1.43% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 p7 _1.03% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 254 p8 0.73% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 255 p9 0.64% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 255 pl0_0.61 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 253 pll 0.52 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 252 pl2 0.45 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 pl3 0.39 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 249 pl4 0.33 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 249 pl5 0.31 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 ple_0.29 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 252 pl7 0.25 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 251 pl8 0.2% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 253 plo 0.17 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 255 p20_0.16 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 247 p21 0.15 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 248 p22 0.15 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 251 p23 0.15 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 245 p24 0.14 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 p25 0.14 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 257 p26_0.13 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 253 p27 0.11 TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 254 p28 0.1% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 251 p29 0.1% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 254 p30_0.09% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
CONTIG 249 p31 0.09% TCGTTTTACTTTGTGAAATTTAATCCCTAATCATGTTTTAGGAATGCTGC
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Figure 2F

NCBT gi_ 392931134 255 ACCGTGCC
CONTIG 256 _pl_55.02% ACCGTGCC
CONTIG 256 _p2 23.68% ACCGTGCC
CONTIG 255 p3 5.63%  ACCGTGCC
CONTIG 257 p4 4.3% ACCGTGCC
CONTIG 250 _p5 2.36%  ACCGTGCC
CONTIG 257 p6_1.43%  ACCGTGCC
CONTIG 257 p7_1.03%  ACCGTGCC
CONTIG 254 p8 0.73%  ACCGTGCC
CONTIG 255 p9 0.64%  ACCGTGCC
CONTIG 255 pl0_0.61% ACCGTGCC
CONTIG 253 pll_0.52% ACCGTGCC
CONTIG 252 _pl2 0.45% ACCGTGCC
CONTIG 257 pl3_0.39% ACCGTGCC
CONTIG 249 pl4 0.33% ACCGTGCC
CONTIG 249 pl5_0.31% ACCGTGCC
CONTIG 257 pl6_0.29% ACCGTGCC
CONTIG 252 pl7_0.25% ACCGTGCC
CONTIG 251 pl8 0.2%  ACCGTGCC
CONTIG 253 pl9 0.17% ACCGTGCC
CONTIG 255 p20_0.16% ACCGTGCC
CONTIG 247 p21 _0.15% ACCGTGCC
CONTIG 248 p22 0.15% ACCGTGCC
CONTIG 251 p23 0.15% ACCGTGCC
CONTIG 245 p24 0.14% ACCGTGCC
CONTIG 257 p25_0.14% ACCGTGCC

SEQ ID NO:76)
SEQ ID NO:77)
SEQ ID NO:78)
SEQ ID NO:79)
SEQ ID NO:80)
SEQ ID NO:81)
SEQ ID NO:82)
SEQ ID NO:83)
SEQ ID NO:84)
SEQ ID NO:85)
SEQ ID NO:86)
SEQ ID NO:87)
SEQ ID NO:88)
SEQ ID NO:89)
SEQ ID NO:90)
SEQ ID NO:91)
SEQ ID NO:92)
SEQ ID NO:93)
SEQ ID NO:94)
SEQ ID NO:95)
SEQ ID NO:96)
SEQ ID NO:97)
SEQ ID NO:98)
SEQ ID NO:99)
SEQ ID NO:100)
SEQ ID NO:101)

CONTIG 257 p26_0.13% ACCGTGCC (SEQ ID NO:102)
CONTIG 253 p27 0.11% ACCGTGCC (SEQ ID NO:103)
CONTIG 254 p28 0.1%  ACCGTGCC (SEQ ID NO:104)
CONTIG 251 p29 0.1%  ACCGTGCC (SEQ ID NO:105)
CONTIG 254 p30_0.09% ACCGTGCC (SEQ ID NO:106)
CONTIG 249 p31_0.09% ACCGTGCC (SEQ ID NO:107)
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Figure 3A

NCBI gi 199580303 202 CCGATGGTCTTCAGTTCTCTTCCTTGTT-ATGGTCTCCCCCACGTGACCC
CONTIG 207 pl 23.91% CCGATGGTCTTCAGTTCTCTTCCTTGTT-ATGGTCTCCCCCACGTGACCC
CONTIG 205 p2 10.76% CCGATGGTCTTCAGTTCTCTTCCTTGTT---GGTCTCCCCCACGTGACCC
CONTIG 204 p3 9.83% CCGATGGTCTTCAGTTCTCTTCCTTGTG- - --GTCTCCCCCACGTGACCC
CONTIG 208 p4 8.98% CCGATGGTCTTCAGTTCTCTTCCTTGTTTATGGTCTCCCCCACGTGACCC
CONTIG 206 p5 8.76% CCGATGGTCTTCAGTTCTCTTCCTTGTA- - TGGTCTCCCCCACGTGACCC
CONTIG 206 p6 5.77% CCGATGGTCTTCAGTTCTCTTCCTTGTT -ATGGTCTCCCCCACGTGACCC

N U1 U1 U1

CONTIG 202 p7 5.69%  CCGATGGETCTTCAGTTCTCTTCCTTGT------ TCTCCCCCACGTGACCC
CONTIG 201 p8 5.07%  CCGATGGETCTTCAGTTCTCTTCCTTG------- TCTCCCCCACGTGACCC
CONTIG 203 p9 2.64%  CCGATGGTCTTCAGTTCTCTTCCTTGTG- - --GTCTCCCCCACGTGACCC
CONTIG 204 pl0 2.55% CCGATGGTCTTCAGTTCTCTTCCTTGTT- - -GETCTCCCCCACGTGACCC
CONTIG 205 pll 2.26% CCGATGGTCTTCAGTTCTCTTCCTTGTA- - TGETCTCCCCCACGTGACCC
CONTIG 207 pl2 2.25% CCGATGGTCTTCAGTTCTCTTCCTTGTTTATGETCTCCCCCACGTGACCC
CONTIG 203 pl3 2.13% CCGATGGTCTTCAGTTCTCTTCCTTGT----- GTCTCCCCCACGTGACCC
CONTIG 201 pl4 1.46% CCGATGGETCTTCAGTTCTCTTCCTTGT------ TCTCCCCCACGTGACCC
CONTIG 200 pl5 1.24% CCGATGGTCTTCAGTTCTCTTCCTTG------- TCTCCCCCACGTGACCC
CONTIG 200 plé 1.21% CCGATGETCTTCAGTTCTCTTCCTTGT-------- TCCCCCACGTGACCC
CONTIG 199 pl7 1.2%  CCGATGGTCTTCAGTTCTCTTCCTTGT--------- CCCCCACGTGACCC
CONTIG 204 pl8 0.89% CCGATGGTCTTCAGTTCTCTTCCTTGTT- - --GTCTCCCCCACGTGACCC
CONTIG 208 pl9 0.66% CCGATGGTCTTCAGTTCTCTTCCTTGTATATGETCTCCCCCACGTGACCC
CONTIG 202 p20 0.46% CCGATGGTCTTCAGTTCTCTTCCTTGT----- GTCTCCCCCACGTGACCC
CONTIG 203 p21 0.44% CCGATGGTCTTCAGTTCTCTTCCTTGTT----- TCTCCCCCACGTGACCC
CONTIG 202 p22 0.38% CCGATGGTCTTCAGTTCTCTTCCTTG------ GTCTCCCCCACGTGACCC
CONTIG 206 p23 0.32% CCGATGGTCTTCAGTTCTCTTCCTTGTT- - TGETCTCCCCCACGTGACCC
CONTIG 198 p24 0.28% CCGATGGTCTTCAGTTCTCTTCCTTGT---------- CCCCACGTGACCC
CONTIG 201 p25 0.28% CCGATGGTCTTCAGTTCTCTTCCTTGT------- TTCCCCCACGTGACCC
CONTIG 203 p26 0.23% CCGATGGTCTTCAGTTCTCTTCCTTGTT- - --GTCTCCCCCACGTGACCC
CONTIG 199 p27 0.21% CCGATGETCTTCAGTTCTCTTCCTTGT-------- TCCCCCACGTGACCC

R R RS EEREESEEREEEEESESEESES] hhkkkkhhkkikkhhkh*k*k
NCBI gi 199580303 202 TCAACAACATAAGGTACTTAACCATA----- ATAAAGCTTCAGATGTTTC

CONTIG 207 pl 23.91% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 205 p2 10.76% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 204 p3 9.83% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 208 p4 8.98% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 206 p5 8.76% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 206 p6 5.77% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 202 p7 5.69% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 201 p8 5.07% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 203 p9 2.64% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 204 plO 2.55% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 205 pll 2.26% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 207 pl2 .25% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 203 pl3 .13% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 201 pl4 .46% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 200 pl5 1.24% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 200 pleé .21% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 199 pl7 1.2% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 204 pl8 0.89% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 208 pl9 0.66% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 202 p20 0.46% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 203 p2l 0.44% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 202 p22 .38% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 206 p23 .32% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 198 p24 .28% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 201 p25 0.28% TCAACAACATAAGGTACTTAACAATAAATAAATAAAGCCTCAGATGTCTC
CONTIG 203 p26 .23% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
CONTIG 199 p27 0.21% TCAACAACATAAGGTACTTAACAATA-ATAAATAAAGCCTCAGATGTCTC
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Figure 3B

NCBI gi 199580303 202 ATCCATGAACCGCTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 207 pl 23.91% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 205 p2 10.76% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 204 p3 9.83% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 208 p4 8.98% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 206 p5 8.76% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 206 p6 5.77% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 202 p7 5.69% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 201 p8 5.07% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 203 p9 64% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 204 plO 2.55% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 205 pll 2.26% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 207 pl2 .25% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 203 pl3 .13% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 201 pl4 .46% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 200 pl5 1.24% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 200 pleé .21% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 199 pl7 1.2% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 204 pl8 0.89% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 208 pl9 0.66% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 202 p20 0.46% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 203 p2l 0.44% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 202 p22 .38% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 206 p23 .32% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 198 p24 .28% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 201 p25 0.28% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 203 p26 .23% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
CONTIG 199 p27 0.21% ATCCATGAACCGGTGCTGATTGTCTTTCTCCTTAGGATCAAGTCGTTGCT
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NCBI gi 199580303 202 TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 207 pl 23.91% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 205 p2 10.76% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 204 p3 9.83% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 208 p4 8.98% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 206 p5 8.76% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 206 p6 5.77% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 202 p7 5.69% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 201 p8 5.07% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 203 p9 2.64% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 204 plO 2.55% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 205 pll 2.26% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 207 pl2 .25% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 203 pl3 .13% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 201 pl4 .46% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 200 pl5 1.24% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 200 pleé .21% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 199 pl7 1.2% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 204 pl8 0.89% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 208 pl9 0.66% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 202 p20 0.46% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 203 p2l 0.44% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 202 p22 .38% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 206 p23 .32% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 198 p24 .28% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 201 p25 0.28% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 203 p26 .23% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
CONTIG 199 p27 0.21% TATGTCGAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATAT
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Figure 3C

NCBI gi 199580303 202 TGCTGAGG
CONTIG 207 pl 23.91% TGCTGAGG
CONTIG 205 p2 10.76% TGCTGAGG
CONTIG 204 p3 9.83%  TGCTGAGG
CONTIG 208 p4 8.98%  TGCTGAGG
CONTIG 206 p5 8.76%  TGCTGAGG
CONTIG 206 pé 5.77%  TGCTGAGG
CONTIG 202 p7 5.69%  TGCTGAGG
CONTIG 201 p8 5.07%  TGCTGAGG
CONTIG 203 p9 2.64%  TGCTGAGG
CONTIG 204 pl0 2.55% TGCTGAGG
CONTIG 205 pll 2.26% TGCTGAGG
CONTIG 207 pl2 2.25% TGCTGAGG
CONTIG 203 pl3 2.13% TGCTGAGG
CONTIG 201 pl4 1.46% TGCTGAGG
CONTIG 200 pl5 1.24% TGCTGAGG
CONTIG 200 plé6 1.21% TGCTGAGGE
CONTIG 199 pl7 1.2%  TGCTGAGG
CONTIG 204 pl8 0.89% TGCTGAGGE
CONTIG 208 pl9 0.66% TGCTGAGGE
CONTIG 202 p20 0.46% TGCTGAGG
CONTIG 203 p2l1 0.44% TGCTGAGG
CONTIG 202 p22 0.38% TGCTGAGGE
CONTIG 206 p23 0.32% TGCTGAGGE
CONTIG 198 p24 0.28% TGCTGAGG
CONTIG 201 p25 0.28% TGCTGAGG
CONTIG 203 p26 0.23% TGCTGAGGE
CONTIG 199 p27 0.21% TGCTGAGG
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Figure 4A

TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGA-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGA-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGT -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGA- -~ -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGC-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC- -~
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGG-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGA-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGG-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGATA- -
TGGAGGTGCGCGTCAAGATCCTCTTCACCTACC-~--~~-~-~~~---~----~
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC- -~
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGG-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGG-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC- -~
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGA-
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGAC- -~
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACGGT
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGNNNNN
TGGAGGTGCGCGTCAAGATCCTCTTCACCTCGCTCTGCCACACCGACG- -
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Figure 4B

--------- GA-GTTGTCATATGTTAATAACGGTATG - TTTAATTGAGTT
--------------------------------------- TTAATTGAGTT
-------------------------------------- TACCGTT--ATT
e T------ GA-GTTGTCATATGTTAATAACGGTATG- - TTAATTGAGTT

————————— GA-GTTGTCATATGTTAATAACGGTATA-TACCGTT--ATT
--T----- TGA-GTTGTCATATGTTAATAACGGTA---TACCGTT--ATT

-------------------------------------- TTTAATTGAGTT
-------------------------------------- TACCGTT--ATT
-------------------------------------- TTTAATTGAGTT
---------------------------------------- CCGTT--ATT
------------------------------------------ GTT--ATT

e TAATTGAGTT
---------- A-GTTGTCATATGTTAATAACGGTATA-TACCGTT- - ATT
- -TATAATCCT------ C- -ATGTCAGCCATGGAGTA-TTTGGAA- -ATA
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AACATATGACAA-CTCAATTAAACATCT
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Figure 4D
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
——————— TCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
—————— ACCTGGGAGGCCAARGGTATCTAATCAGCCATCCCATTTGTGATC
AACG-GTATTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
————— CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -ACCTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -T- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATTAGCCATCCCATTTGTGATC
————— ATTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
————————— GGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
- - -A- CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC

---A-CTTCTGGGAGGCCAAGGTATCTAATCAGCCATCCCATTTGTGATC
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Figure 5
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