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METHOD OF INHIBITING PLANT VIRUS PATHOGEN INFECTIONS BY CRISPR/CAS9IV1EDIATED INTERFERENCE

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Patent Application Serial No.:
62/162,858 entitled "METHOD OF INHIBITING PLANT VIRUS PATHOGEN INFECTIONS
BY CRISPR/CAS9-MEDIATED INTERFERENCE" filed on May 18, 2015, the entirety of

which is hereby incorporated by reference.
FIELD OF THE DISCLOSURE
The present disclosure relates to methods of inhibiting viral infections of a plant by
delivering a viral-specific sgRNA to a plant cell expressing Cas9 endonuciease.
SEQUENCE LISTING
The present disclosure includes a sequence listing filed in electronic form as an
ASCII.txt file entitled 821 102640__ST25, the content of which is incorporated herein by
reference in its entirety.
BACKGROUND
Geminiviruses threaten food security and agriculture, infecting key crop species,
especially in tropical and subtropical regions (Giibertson et a!., Ann. Rev. Virol .2, 67-93
(2015)). Geminiviruses are characterized by their twin icosahedral capsids and small,
single-stranded DNA (ssDNA) genome (approximately 2 7 kb) (Hanley-Bowdoin et aL, Nat.
Revs. Microbiol. 11 , 777-788 (2013)). A study examining genome-wide pairwise sequence

identity, genome organization, host range, and insect transmission vector recently classified
the family Geminiviridae into seven genera: Begomovirus, Curtovirus, Topocuvirus,
Mastrevirus, Becurtovirus, Turncurtovirus, and Eragroviru (Varsani et aL, Arch. ViroL 1-1 1

(2014)). Begomoviruses infect dicotyledonous plants via the siiverleaf whitefiy (Bemisia
tabacf) vector. The genomes of Begomoviruses are composed of one (A, monopartite) or

two (A and B , bipartite) components. The A and B components of the virus share a common
region with nearly identical nucleotide sequences (Fondong, V.N MoL Plant Pathol. 14, 635649 (2013)).
Effective strategies for controlling geminiviruses remain expensive and inefficient due
to mixed virus infections and the patho-interaction of vectors, viruses, and host plants
(Giibertson et aL, Development of Integrated Pest Management ( PM) Strategies for Whitefiy
(Bemisia fadac/)-Transmissibie Geminiviruses. 323-356 (201 1)). However, recent work

showed that site-specific nucleases can directly target and cleave the viral genome. This
cleavage of the viral genome leads to the generation of double strand breaks (DSBs), which
are either repaired by the imprecise non-homologous end-joining repair (NHEJ) machinery

or by precise homology-directed repair (HDR) (Ebina et al., Sci. Rep. 3 , 2510 (2013); A i et
al., Genome Biol. 16, 1-1 1 (2015); Aouida et al., Curr. Genet. 60, 61-74 (2014)). The

presence of unrepaired DSBs ultimately leads to degradation of the virus molecules (Zaidi et
al., Trends Plant Sci. 2 1 , 279-281 (2016)). Virus variants generated by NHEJ can replicate

and move systemicaily only if NHEJ maintains the proper "frame" for translation and does
not compromise protein function. Several site-specific nuclease platforms have been
developed with potential applications for targeted interference against viral genomes.
Clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR-associated 9
(Cas9) is an adaptive molecular immunity system used by bacteria and Archaea to fend off
invading phages and conjugative piasmids (Wright et al., Cell 164, 29-44 (2016); Hsu et al.,
Cell 157, 1262-1278 (2014); Barrangou et al., Science 315, 1709-1712 (2007)). The

CRISPR/Cas9 system has been harnessed for targeted mutagenesis and genome editing of
eukaryotic genomes, including plants (Liu et al., Curr. Opinion Plant Biol. 30, 70-77 (2016);
Nekrasov et al., Nat. Biotech. 3 1 , 691-693 (2013); Cong et al., Science 339, 819-823 (2013);
Mali et al., Science 339, 823-826 (2013); Ali et al., Mol. Plant s , 1288-1291 (2015)).

The CRISPR/Cas9 machinery is composed of Cas9 (a site-specific DNA
endonuclease) and a synthetic single guide RNA (sgRNA, alternatively designated gRNA).
The sgRNA, which carries 20-nuclecotides of target sequence information, is used to direct
the Cas9 endonuclease to its genomic target sequence, which must precede a tri-nucleotide
sequence known as the protospacer-associated motif (PAM). Streptomyces pyogenes Cas9
recognizes the PAM sequence NGG and cleaves three nucleotides preceding this PAM
sequence on complementary and non-complementary strands (Wright et al., Cell 164, 29-44
(2016); Hsu et al., Cell 157, 1262-1278 (2014); Barrangou et al., Science 315, 1709-1712
(2007); Cong e al., Science 339, 819-823 (2013); Mali et al., Science 339, 823-826 (2013)).

Cas9 variants with improved specificity have recently been characterized (Zetsche et al.,
Cell 163, 759-771 (2015); Slaymaker et al., Science 351 , 84-88 (2016); Davis et al., Nat.
Chem. Biol. 1 1 , 316-318 (2015); Kleinsfiver et al., Nature 523, 481-485 (2015)).
It the portability of the CRISPR/Cas9 machinery to confer molecular immunity against

eukaryotic viruses, including plant DNA viruses (Karimova et al., Sci. Rep. 5 , 13734 (2015);
Lin et al., Mol. Then Nucl. Acids (2014); Ramanan et al., Sci. Reports 5 , 10833 (2015); Hu et
al., Proc. Natl. Acad. Sci .U.S.A.

11 , 11461-1 1466 (2014); Chaparro-Garcia et al., Genome

Biol 16, 254 (2015)). CRISPR/Cas9 machinery can target coding and non-coding

sequences of different geminiviruses (Baltes et al., Nat. Plants

1,

15145 (2015); Ji et al., Nat.

Plants 1 , 15144 (2015)). This targeting results in reduced viral accumulation and delayed or

abolished symptoms. However, different sgRNAs have different targeting efficiencies for
coding or noncoding sequences. Numerous reports describe the emergence of

geminiviruses with altered pathogenicity and subsequent changes in the severity of disease
symptoms in infected plants, resulting from recombination-mediated genetic changes or
reassortment among different viral genomes. Targeting the viral genome opens up various
possibilities, including degradation and/or repair of these genomes. Under natural field
conditions, where mixed viral infections exist, targeting a single virus, generating DSBs, and
initiating cellular repair could induce recombination or generation of viral variants capable of
replication and survival. Since the nature of the target viruses largely determines the
efficiency of interference by the CRISPR/Cas9 system, production of durable resistance
requires the establishment of criteria for selecting which virus sequences to target.
It has proven difficult and expensive to control or manage the disease caused by the

Tomato Yellow Leaf Curl Virus (TYLCV). Several approaches for disease resistance focus
on insecticide treatments of the viral transmission vector whitefly (Bemicia tabaci) (Lapidot et
a/., (2014) Advances Virus Res. 90: 147-208). Breeding for resistance is challenging due to

the linkage of genes of poor fruit quality to the resistance locus. Several attempts have been
made to engineer tomato for resistance to TYLCV including the over-expression of the viral

proteins CP, C4, or the R noncoding sequences (Yang er a/., (2004) Phytopathol. 94: 490496). It has been shown that binding to the origin of replication by the replication protein

(Rep) interferes with the viral replication and lead to viral resistance. Synthetic zinc finger

protein has been used to block the Rep protein of the beef severe curly top virus (BSCTV)
from binding to the origin of replication resulting in virus resistance (Sera T. (2005) J. Virol
79: 2614-2819). Moreover, such technology was applied to TYLCV through the interference

with the Rep protein binding to the origin of replication (Koshino-Kimura et ai., (2009) Nucleic
Acids Symp. Series 53: 281-282; Mori et ai., (2013) Mo Biotech. 54: 198-203).

Nevertheless, effective means to control or manage the TYLCV disease has proven
challenging. Therefore, developing effective technologies for viral resistance is needed to
increase the yield of crop species (Gaivez et a/., (2014) Plant Sci. 228: 11-25)).
SU VI MARY

The CRISPR/Cas9 system can be used for targeted genome modification and
regulation across diverse eukaryotic species. The present disclosure demonstrates the use
of imparting this system for in planta viral interference. The data show that a CRISPR/Cas9
system can be used for targeted interference and cleavage of geminivirus genomes
including, but not limited to, the TYLCV genome. Targeting the TYLCV

region showed

significant reduction of TYLCV accumulation and symptoms. The CRISPR/Cas9- mediated
interference is virus strain-specific and can be used to target multiple viruses. The data
reveal that if possible to use the CRISPR/Cas9 system to engineer plants for resistance
against DNA viruses.

One aspect of the disclosure encompasses embodiments of a genetically modified

plant resistant to at least one pathogenic virus species, said plant comprising a heterologous
CRISPR/Cas9 system and at least one heterologous nucleotide sequence that is capable of
hybridizing to a nucleotide sequence of the pathogenic virus under stringent conditions, or to
a complement thereof, and that directs inactivation of the pathogenic virus species or
plurality of viral species by the CR1SPR/Cas9 system.
In some embodiments of this aspect of the disclosure, the pathogenic virus is of the

geminiviridae. In some embodiments of this aspect of the disclosure, the pathogenic virus
can be of the geminiviridae genus Becurtovirus, Begomovirus, Curtovirus, Eragrovirus,

Mastrevirus, Topocuvirus or Turncurtovirus.
In some embodiments of this aspect of the disclosure, the pathogenic virus can be

selected from the group consisting of: Beet Curly Top Iran virus, Spinach Severe Curly Top
Virus, Bean Golden Mosaic Virus, Beet Curly Top Virus, Eragrostis curvula Streak Virus,

Maize Streak Virus, Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato
Yellow Leaf Curl Virus (TYLCV).
In some embodiments of this aspect of the disclosure, the plant is a tobacco plant or

a tomato plant.
In some embodiments of this aspect of the disclosure, the at least one heterologous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide
sequence of the pathogenic virus, or to a complement thereof, and wherein the nucleotide
sequence of the pathogenic virus is an Intergenic Region (IR) or an Open Reading Frame
(ORF).
In some embodiments of this aspect of the disclosure, the at least one heterologous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide
sequence of an intergenic Region (IR) of the pathogenic virus, or to a complement thereof.
In some embodiments of this aspect of the disclosure, the at least one heterologous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide
sequence of an intergenic Region (IR) of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a
complement thereof.
In some embodiments of this aspect of the disclosure, the at least one second

heterologous nucleotide sequence has the nucleic acid sequence 5 GGCCATCCGTATAATTAC-3' (SEQ ID NO: 75).
In some embodiments, a genetically modified plant is provided according to any one

or more of the foregoing embodiments.
Another aspect of the disclosure encompasses embodiments of a method of
generating a genetically modified plant resistant to a virus pathogen, the method comprising

the steps of: (a) obtaining a plant susceptible to a pathogenic virus, wherein said plant is
genetically modified to express a heterologous CR!SPR/Cas9 system; and (b) genetically
modifying said plant to include at least one heterologous nucleotide sequence capable of
hybridizing under stringent conditions to a nucleotide sequence of the pathogenic virus, or to
a complement thereof, and wherein the at least one heterologous nucleotide sequence can
direct inactivation of the virus pathogen by the CRISPR/Cas9 system.
BRIEF DESCRIPTION OF THE DRAWINGS
Many aspects of the disclosure can be better understood with reference to the
following drawings.
Fig.

A schematically illustrates the genome of the TYLCV and the sequences of the

R and two ORFs that were targeted with sgRNAs, according to SEQ D NOs: 1 17-1 19,

respectively, of the CRISPR/Cas9 system to reduce the infection of a plant by TYLCV.
Fig. 1B schematically illustrates the experimental protocol for demonstrating the use

of CRISPR/Cas9 system to reduce viral infections in a plant.
Fig. 1C illustrates the results of a semi-quantitative PGR to determine the TYLCV titer

using primers encompassing the IR region.
Fig. 1D illustrates the results of an RCA assay to test whether targeting the IR

interferes with TYLCV accumulation.
Fig. 1E illustrates the results of a dot blot assay for detecting TYLCV interference.
Fig. 1F illustrates the results of Southern blotting assays demonstrating that targeting

the

of the TYLCV led to no detectable accumulation of both ssDNA and dsDNA,

compared to empty vector and TYLCV.
Fig. 2A illustrates a restriction enzyme recognition site loss assay analysis showing

the appearance of an Sspl-resistant DNA band of 269 bp only in sgRNA-

samples

compared to vector control and TYLCV only, indicating the targeted modification of the R
region by the CRISPR/Cas9 system.
Fig. 2B illustrates that different ORFs can be targeted for modification and used to

interfere with TYLCV accumulation.
Fig. 2C illustrates an alignment of Sanger sequencing reads (SEQ D NOs: 69-74)

indicating that 28% of the clones carry targeted modifications within the R sequence.
Fig. 2D illustrates an alignment of Sanger sequencing reads (SEQ ID NOs: 62-68)

indicating that different ORFs can be targeted for modification and used to interfere with
TYLCV accumulation.
Fig. 3A illustrates the sequences of TYLCV (SEQ D NO: 75) and Beet Curly Top

Virus (BCTV) strain Worland-specific (SEQ D NO: 76) IR-sgRNAs.

Fig. 3B illustrates the results of a restriction site loss assay confirming that a TYLCV-

specific IR-sgRNA and not Beet Curly Top Virus (BCTV) strain Worland-specific IR-sgRNA
can target any sequence similar to TYLCV R region and thereby interfere with genome

replication.
Fig. 3C illustrates alignments of Sanger sequencing reads (SEQ D NOs: 77-88)

indicating that different ORFs can be targeted for modification and used to interfere with
TYLCV-specific accumulation.
Fig 4A illustrates that WGR-RCRii-sgRNA targeted the Wor!and genome but not

TYLCV genome.
Fig. 4B illustrates sequences SEQ ID NOs: 89-94.
Fig. 4C illustrates sequences SEQ D NQs: 95-100.
Fig. 5A illustrates that NB-Cas90E plants expressing sgRNA targeting the IR region

showed significantly reduced TYLCV symptoms compared with controls.
Fig. 5B illustrates the results of a Southern blot analysis confirming the absence or

reduction of TYLCV genome in samples of the IR-sgRNA infiltrated plants. The results
confirmed the absence, or significant reduction of, TYLCV in the IR-sgRNA targeted plants
compared with the vector control.
Fig. 8 illustrates the TYLCV 2.3 genome sequence SEQ D NO: 101. The R , CP and

RCR- target sequences are shown in bold underlined.
Figs. 7A-7F illustrate CRISPR/Cas9-mediated targeting of coding and non-coding

sequences of the CLCuKov genome.
Fig. 7A illustrates the genome organization of Cotton Leaf Curl Kokhran Virus

(CLCuKov) and Cotton Leaf Curl Multan Befasateilite (CLCuMB). Bidirectional and
overlapping ORFs (CP, Rep, Ren, TrAP, V2, and C4) are represented by arrows, the IR is
represented by a box, stem loop with nonanucleotide is represented by a small circle in the
and SCR, and targets are represented by arrowheads and individual sequences. The
selected targets, one in non-coding R , one each in coding CP or in the Rep RCR domain,
were analyzed for CRISPR/Cas9-mediated targeting followed by NHEJ repair.
Fig. 7B illustrates NHEJ repair (indel) analysis via the T7EI assay. Arrow indicates

the presence of 255 bp and 191 bp regions only in samples expressing CP-sgRNA, but not
in samples with TRV empty vector or virus alone.

Fig 7C illustrates alignment of reads of PCR amp!icons (SEQ ID NOs: 1-6)

encompassing the CP region and subjected to Sanger sequencing for indel (NHEJ repair)
confirmation.
Fig. 7D illustrates T7Ei assay for detecting indels in the RCRI domain of the

CLCuKov genome. The T7EI assay detected mutations only in RCRII PCR ampiicons from

plants infiltrated with TRV containing RCRi l-sgR NA, but not in plants infiltrated with TRV
empty vector or virus alone.
Fig. 7E illustrates alignment of reads of the PGR amp!icons (SEQ D NOs: 7- 11)

encompassing the RCRI I motif and subjected to Sanger sequencing for NH EJ repair
confirmation.
Fig. 7F illustrates NH EJ repair analysis at the R sequence by restriction site loss

assay. The CLCuKov R (446 bp) was analyzed for the loss of the Sspl recognition site
through NH EJ (indeis). The arrow indicates the expected Sspl-resistant 446 bp DNA
fragment; none of the samples produced the Sspl-resistant DNA fragment, which is similar to
TRV empty vector or virus alone.
All DNA fragments from Figs. 7B, 7D, and 7F were resolved on a 2% agarose gel

premixed with ethidium bromide stain. Arrows in Figs. 7B, 7D, and 7F represent the
expected DNA fragments. The indel percentage shown below each gel was calculated
based on the Sanger sequence reads. In Fig. 7C (reverse strand sequence) and Fig. 7F,
the wild-type (WT) sequences, shown at the top lines thereof, the target sequence is boxed;
the protospacer-associated motif [PAM] is underlined, followed by the various indeis formed,
as indicated by numbers to the right of the sequence (-, deletion of x nucleotides; + , insertion

of x nucleotides; and > , change of x nucleotides to y nucleotides).
Figs. 8A-8F illustrate NH EJ repair of coding and non-coding sequences of the

e V

genome. Non-coding R , coding CP, and the Rep RCRI I domain of MeMV were analyzed for
NH EJ repair.
Fig. 8A illustrates NH EJ repair (indel) analysis via an Sspl recognition site loss

assay. The MeMV R (453 bp) was analyzed for the loss of the Sspl recognition site at the
CRISPR/Cas9 target locus. Unlike CLCuKov, NHEJ-repaired indeis are indicated by arrows
pointing to the 453-bp Sspl-resistant DNA fragments.
Fig. 8B illustrates alignment of reads of PGR amplicons (SEQ D NOs: 12-1 6)

encompassing the R of MeMV subjected to Sanger sequencing for NH EJ repair
confirmation.
Fig. 8C illustrates T7EI assay to detect indeis in the CP of the MeMV genome. The

T7E assay detected indeis only in CP PGR amplicons from plants infiltrated with TRV
containing the CP-sgRNA, but not in plants infiltrated with TRV empty vector or virus alone.
Fig 8D illustrates alignment of reads of the PGR amplicons (SEQ D NOs: 17-21 )

encompassing the target site and subjected to Sanger sequencing for NH EJ repair
confirmation.

Fig. 8E illustrates NHEJ repair analysis at the RCR motif of MeMV by T7E1 assay.

Arrow indicates the expected DNA fragments; TRV empty vector or virus alone did not show
similar fragments.
Fig. 8F illustrates alignment of reads of the PGR amp!icons (SEQ D NOs: 22-26)

encompassing the target site and subjected to Sanger sequencing for NHEJ repair
confirmation.
All DNA fragments in Figs. 8A, 8C, and 8E were resolved on a 2% agarose gel

premixed with ethidium bromide stain. Arrows in Figs. 8A, 8C, and 8E indicate the expected
DNA fragments. The inde percentage shown below each gel was calculated based on the
Sanger sequence reads in Figs. 8B, 8D, and 8F, the wild-type (WT) sequences, shown at
the top lines thereof, the target sequence is boxed; the protospacer-associated motif [PAM]
is underlined, followed by the various indeis formed, as indicated by numbers to the right of

the sequence (-, deletion of x nucleotides; + , insertion of x nucleotides; and > , change of x
nucleotides to y nucleotides).
Figs. 9A-9D illustrate variable efficiencies of indei formation at the R sequences of

different strains of TYLCV.
Fig. 9A illustrates the stem-loop structures (SEQ D NOs: 27-32) of the different

geminiviruses used in this study. The conserved nonanucleotide motif is flanked on each
side by a short stretch of complementary sequences.
Fig. 9B illustrates restriction site loss assay for detecting NHEJ-based indeis at the R

of TYLCSV. The TYLCSV R (562 bp) was analyzed for the loss of the Sspl recognition site
at the targeting locus. The arrow indicates the location of the expected 562-bp Ss resistant DNA fragment in samples with IR-sgRNA, but like TRV empty vector and virus
alone, no Sspi-resistant fragment was observed.
Fig. 9C illustrates Sspl recognition site loss assay for defecting indeis at the IR in

TYLCV2.3. The variant TYLCSV-IRsgRNA (two lanes after marker) and authentic
TYLCV2.3-IRsgRNA (last three lanes) were used to target the R of TYLCV2.3. Arrows
indicate the presence of the expected 269 bp Ss -resistant DNA fragments in samples with
TYLCV2.3-IR-sgRNA or TYLCSV-IRsgRNA, but no Ssp/-resistant fragment was observed in
TRV empty vector.
Fig. 9D illustrates a T7EI assay for detecting NHEJ-based indeis in the CP and

RCR i domain of the TYLCSV genome. T7EI assay detected high rates of inde formation
both in CP and RCRII PGR amplicons from plants infiltrated with TRV containing CP or

RCR -sgRNA compared with TRV empty vector.
DNA fragments of Figs. 9B, 9C, and 9D were resolved on a 2% agarose gel stained
with ethidium bromide. Arrows represent the expected DNA fragment in T7EI-digested DNA

The inde! percentage shown below each gel was calculated based on the Sanger sequence
reads.
Figs. 10A-10C illustrate R targeting by CRISPR/Cas9 interferes with genome

accumulation of both CLCuKov and TYLCSV.
DNA blot analysis assaying CLCuKov (Fig. 10A) and TYLCSV (Fig. 10B) genomic
DNA accumulation in Cas90E plants expressing CLCuKov-IRsgRNA and TYLCSV!RsgRNA, respectively. CLCuKov and TYLCSV genomic DNA was defected with DIGlabeled probe produced against the respective Rs of CLCuKov and TYLCSV. All individual
plants with !R-sgRNA that were infiltrated with CLCuKov and TYLCSV exhibited reduced
accumulation of the genomes relative to plants inoculated with TRV empty vector and virus
only. Arrowheads in Figs. 10A and 10B indicate detection of the expected size of the
TYLCV genome.
Fig. 10C illustrates an alignment of cloned Sanger-sequenced PCR amplicons (SEQ

ID NOs: 33-38) encompassing the IR of CLCuKov. Alignment of sequence reads

encompassing the I

shows only long deletions. The wild-type (WT) CLCuKov sequence is

shown at the top; the various indels formed are indicated by numbers in the middle of the
sequence reads.
Figs. 11A-1 1E illustrate NHEJ-repaired CP sequence evades CRISPR/Cas9.
Fig. 1 A illustrates evasion of repaired CP sequence of TYLCV genomes, as

revealed by the T7EI assay. Sap from TYLCV-infected plants with an established
CRISPR/Cas9 system against the CP region was applied to

T N . benthamiana plants.

Total genomic DNA was isolated from top (young) leaves of sap-inoculated WT plants at 15
DAI. CP targets flanking PCR amplicons were subjected to T7EI. Arrows indicate the

presence of the expected digested DNA fragment from samples of CP-targeted sap-infected
plants compared to TRV empty vector with TYLCV.
Fig. 1 B illustrates Ssmfi/-recognition site loss assay for detecting escapees

initially, PCR amplicons were treated with BsmB! to enrich the CRISPR/Cas9 escapees.
Ssn?S/-treated PCR fragments were used as template in another round of PCR with the

same primers. Purified DNA from this PCR was again subjected to BsmB! digestion.
Arrowheads indicate the expected

s 77 /-resistant DNA fragments compared to WT PCR

amplicons from TRV empty vector. DNA fragments of A and B were resolved on a 2%
agarose gel stained with ethidium bromide.
Fig. 11C illustrates alignment of Sanger-sequencing reads of PCR amplicons (SEQ

D NOs: 37-42) encompassing the CP region of TYLCV for mutation at the CR!SPR/Cas9

targeting site. The wild-type (WT) TYLCV sequence is shown at the top, the target
sequence is boxed, the BsmB! site is indicated by a line, and the protospacer-associated

motif [PAM] is indicated; the various mutations are shown in enlarged, bold at their
respective sites.
Fig. 1 D illustrates evasion analysis of TYLCSV genomes with repaired CP

sequences via the T7EI assay. TYLCSV samples were prepared as in Fig. 11A . CP targets
flanking the PCR ampiicons were subjected to T7EI. Arrows indicate the presence of the
expected digested DNA fragments from samples of CP-targeted sap-infected plants
compared to TRV empty vector with TYLCSV.
Fig 1 E illustrates evasion analysis of genomes of CLCuKov genomes with repaired

CP sequences via the T7EI assay. Wild-type scions were grafted to the stocks of CLCuKovinfected plants with an established CRISPR/Cas9 system against the CP region. Total
genomic DNA was isolated from top (young) leaves of WT scions at 2 1 DAI. CP-targetflanking PCR ampiicons were subjected to T7EI. Arrows indicate the presence of the
expected digested DNA fragment from samples of CP-targeted CLCuKov compared to TRV
empty vector with CLCuKov.
DETAILED DESCRIPTION
Before the present disclosure is described in greater detail, it is to be understood that
this disclosure is not limited to particular embodiments described, and as such may, of
course, vary it is also to be understood that the terminology used herein is for the purpose
of describing particular embodiments only, and is not intended to be limiting, since the scope
of the present disclosure will be limited only by the appended claims.
Where a range of values is provided, it is understood that each intervening value, to
the tenth of the unit of the lower limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or intervening value in that
stated range, is encompassed within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller ranges and are also
encompassed within the disclosure, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding either or
both of those included limits are also included in the disclosure.

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

reference as if each individual publication or patent were specifically and individually
indicated to be incorporated by reference and are incorporated herein by reference to

disclose and describe the methods and/or materials in connection with which the
publications are cited. The citation of any publication is for its disclosure prior to the filing
date and should not be construed as an admission that the present disclosure is not entitled
to antedate such publication by virtue of prior disclosure. Further, the dates of publication
provided could be different from the actual publication dates that may need to be
independently confirmed.
As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual embodiments described and illustrated herein has discrete components and
features which may be readily separated from or combined with the features of any of the
other several embodiments without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the order of events recited or in any
other order that is logically possible.
Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of medicine, organic chemistry, biochemistry, molecular biology, pharmacology,
toxicology, and the like, which are within the skill of the art. Such techniques are explained
fully in the literature.
It must be noted that, as used in the specification and the appended claims, the

singular forms "a," "an," and "the" include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to "a support" includes a plurality of supports. In
this specification and in the claims that follow, reference will be made to a number of terms
that shall be defined to have the following meanings unless a contrary intention is apparent
As used herein, the following terms have the meanings ascribed to them unless
specified otherwise. In this disclosure, "comprises," "comprising," "containing" and "having"
and the like can have the meaning ascribed to them in U.S. patent law and can mean "
includes," "including," and the like; "consisting essentially of or "consists essentially" or the
like, when applied to methods and compositions encompassed by the present disclosure

refers to compositions like those disclosed herein, but which may contain additional
structural groups, composition components or method steps (or analogs or derivatives
thereof as discussed above). Such additional structural groups, composition components or
method steps, etc., however, do not materially affect the basic and novel characteristic(s) of
the compositions or methods, compared to those of the corresponding compositions or
methods disclosed herein.
Prior to describing the various embodiments, the following definitions are provided
and should be used unless otherwise indicated.

Definitions
The term "CRISPR" and "CRISPR Genome Engineering" as used herein refers to the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Type

II

system which

is the most commonly used RNA-Guided Endonuclease technology for genome engineering.

There are two components to this system: (1) a guide RNA and (2) an endonuclease, in this
case the CRISPR associated (Cas) nuclease, Cas9.
Guide RNA is a combination of the targeting specificity of endogenous bacterial
crRNA and the scaffolding properties of tracrRNA into a single chimeric guide RNA (sgRNA)
transcript. When the sgRNA and the Cas9 are expressed in a cell, the genomic target
sequence can be modified or permanently disrupted.
The sgRNA/Cas9 complex is recruited to a target sequence by the base-pairing
between the sgRNA sequence and the complement to the target sequence in the genomic
DNA. For successful activity of Cas9, the genomic target sequence must also contain the

correct Protospacer Adjacent Motif (PA ) sequence immediately following the target
sequence. The binding of the sgRNA/Cas9 complex localizes the Cas9 to the genomic
target sequence so that the wild-type Cas9 can cut both strands of the DNA causing a
Double Strand Break (DSB).
A DSB can be repaired through one of two repair pathways: (1) the Non-Homologous
End Joining (NHEJ) DNA repair pathway or (2) the Homology Directed Repair (HDR)

pathway. The NHEJ repair pathway typically results in inserts/deletions (InDels) at the DSB
site that can lead to frameshifts and/or premature stop codons, effectively disrupting the
open reading frame (ORF) of the targeted gene. The HDR pathway requires the presence of

a repair nucleic acid template, which is used to fix the DSB. HDR faithfully copies the
sequence of the repair template to the cut target sequence. Specific nucleotide changes can
be introduced into a targeted gene by the use of HDR with a repair template carrying the

desired change.
The term "Cas9 nuclease" as used herein refers to an endonuclease having two
functional domains: RuvC and HNH, each cutting a different DNA strand. When both of
these domains are active as in wild-type Cas9, the Cas9 causes double strand breaks
(DSBs) in the genomic DNA. in the absence of a suitable repair template, the DSB is then

repaired by the Non-Homologous End Joining (NHEJ) DNA repair pathway. During NHEJ
repair, InDels (insertions/deletions) can occur as a small number of nucleotides are either
inserted or deleted at random at the DSB site, thereby altering the Open Reading Frame
(ORF) of the target gene, which may significantly change the amino acid sequence

downstream of the DSB. Additionally, InDels can also introduce a premature stop codon
either by creating one at the DSB or by shifting the reading frame to create one downstream

of the DSB. However, !nDe!s induced by NHEJ are random, so the type and extent of gene
disruption will need to be determined experimentally. To maximize the effect of gene
disruption, target sequences preferably are chosen near the N~terminus of the coding region
of the gene of interest, typically to introduce a DSB within the first or second exon of the
gene.

The CRISPR system can also be used to introduce specific nucleotide modifications
of the target sequence. Thus, ceils can utilize a less error-prone DNA repair mechanism
termed "Homology Directed Repair (HDR)."
To introduce nucleotide modifications to genomic DNA, a DNA repair template
containing the desired sequence must be provided during HDR. The DNA template is
typically transfected into a cell together with the sgRNA/Cas9 and must have a high degree
of complementarity to the nucleotide sequences immediately upstream and downstream of
the DSB. The length and binding position of each "homology arm" is dependent on the size
of the change being introduced. When designing a repair template for genome editing by
HDR, the repair template must not contain the target sequence followed by the PA

sequence or the template itself will also be cut by the Cas9. Changing the sequence of the
PAM in the repair template likely will prove sufficient to ensure it is not cut by Cas9. Again,
the desired modification in the genomic DNA must be confirmed experimentally.
The term "Off-Target Effects" as used herein refer to when flexibility in the basepairing interactions between the sgRNA sequence and the genomic DNA target sequence

allows imperfect matches to the target sequence to be cut by Cas9. Single mismatches at
the 5' end of the sgRNA (furthest from the PAM site) can be permissive for off-target
cleavage by Cas9.
The term "nickase" as used herein refers to modified versions of the Cas9 enzyme
containing a single inactive catalytic domain, either Ruv

or HNH-. With only one active

nuclease domain, the Cas9 "nickase" will cut only one strand of the target DNA, thereby
generating a single-strand break or 'nick'. A Cas9 nickase is still able to bind DNA based on
sgRNA specificity, though nickases will only cut one of the DNA strands. The majority of
CRISPR plasmids are derived from S . pyogenes and the RuvC domain inactivated, for
example, by a D10A mutation.
A single-strand break, or nick, is normally repaired through the HDR pathway, using
the intact complementary DNA strand as the template. However, two proximal, opposite
strand nicks introduced by a Cas9 nickase are treated as a Double Strand Break (DSB), in
what is often referred to as a 'double nick' or 'dual nickase' CRISPR system. A double-nick
induced DSB can be repaired by either NHEJ or HDR depending on the desired effect on the
gene target. For example, two different sgRNAs can bind in a particular genomic region.

When the sgRNAs are co-expressed with a Cas9 nickase, single-strand nicks created in the
DNA are quickly repaired by HDR using the intact compliment strand as a template and no

change occurs Nicks in close proximity (and on opposite strands) behave as a DSB.
However, by situating two sgRNAs with target sequences in close proximity and on opposite
strands of the genomic DNA, off-target effects of either sgRNA alone will result in nicks that
will not change the genomic DNA. Only at the target location where both nicks are proximal,
will the double nicked sequence be considered a DSB. The double-nickase technique is
described in, for example, Ran e a!., (2013) Cell 154: 1380-1389.
The Cas9 protein requires the targeting specificity of an sgRNA. Choosing an
appropriate target sequence in the genomic DNA is a crucial step in designing an
experiment. The target sequence is 20 nucleotides followed by the appropriate Protospacer
Adjacent Motif (PAM) sequence in the genomic DNA. Target sequences (20 nucleotides +
PAM) can be on either strand of the genomic DNA and can appear in multiple places in the
genome. Accordingly a bioinformatic program is helpful to select target sequences and
minimize off-target effects. There are a number of tools available to help choose/design
target sequences as well as lists of bioinformatically determined (but not experimentally
validated) unique sgRNAs for different genes in different species.
The term "Protospacer Adjacent Motif (PAM) Sequence" as used herein refers to a
nucleic acid sequence present in the DNA target sequence but not in the sgRNA sequence
itself. For Cas9 to successfully bind to DNA, the target sequence in the genomic DNA must
be complementary to the sgRNA sequence and must be immediately followed by the correct

protospacer adjacent motif or PAM sequence. Any DNA sequence with the correct target
sequence followed by the PAM sequence will be bound by Cas9. A target sequence without
the PAM following it is not sufficient for Cas9 to cut. Furthermore, the PAM sequence varies
by the species of the bacteria from which the Cas9 was derived. The Type

II

CRISPR

system derived from S . pyogenes, for example, has the PAM sequence NGG located on the
immediate 3' end of an sgRNA recognition sequence and components (sgRNA, Cas9)
derived from different bacteria will not function together. The CRISPR system requires that
both the sgRNA and Cas9 are expressed in the target cells, the respective promoters for

Cas9 and sgRNA expression determining the species specificity of a particular system.
Whichever sequences and hybridization methods are used, one skilled in the art can
readily determine suitable hybridization conditions, such as temperature and chemical
conditions. Such hybridization methods are well known in the art. For example, for
applications requiring high selectivity, one will typically desire to employ relatively stringent
conditions for the hybridization reactions, e.g., one will select relatively low salt and/or high
temperature conditions, such as provided by about 0.02M to about 0.1 0M NaC at

temperatures of about 50 °C to about 70 °C. Such high stringency conditions tolerate little, if
any, mismatch between the probe and the template or target strand, and are particularly
suitable for detecting specific SNPs according to the present invention if is generally
appreciated that conditions can be rendered more stringent by the addition of increasing
amounts of formamide. Other variations in hybridization reaction conditions are well known
in the art (see for example, Sambrook et a/., Molecular Cloning; A Laboratory Manual 2d ed.

(1989)).

The term "polymerase chain reaction" or "PGR" as used herein refers to a
thermocyclic, po!ymerase-mediated, DNA amplification reaction. A PGR typically includes
template molecules, oligonucleotide primers complementary to each strand of the template
molecules, a thermostable DNA polymerase, and deoxyribonucleofides, and involves three
distinct processes that are multiply repeated to effect the amplification of the original nucleic
acid. The three processes (denaturation, hybridization, and primer extension) are often

performed at distinct temperatures, and in distinct temporal steps. In many embodiments,
however, the hybridization and primer extension processes can be performed concurrently.
The nucleotide sample to be analyzed may be PCR amplification products provided using
the rapid cycling techniques described in U.S. Pat. Nos. 6,569,672; 6,569,627; 6,562,298;
6,556,940; 6,569,672; 6,569,627; 6,562,298; 6,556,940; 6,489,1 12; 6,482,615; 6,472,156;
6,413,766; 6,387,621; 6,300,124; 6,270,723; 6,245,514; 6,232,079; 6,228,634; 6,218,193;
6,210,882; 6,197,520; 6,174,670; 6,132,996; 6,126,899; 6,124,138; 6,074,868; 6,036,923;
5,985,651 ; 5,958,763; 5,942,432; 5,935,522; 5,897,842; 5,882,918; 5,840,573; 5,795,784;

5,795,547; 5,785,926; 5,783,439; 5,736,106; 5,720,923; 5,720,406; 5,675,700; 5,616,301;
5,576,218 and 5,455,175, the disclosures of which are incorporated by reference in their
entireties. Other methods of amplification include, without limitation, NASBR, SDA, 3SR,
TSA and rolling circle replication it is understood that, in any method for producing a
polynucleotide containing given modified nucleotides, one or several polymerases or
amplification methods may be used. The selection of optimal polymerization conditions
depends on the application.
The term "primer" as used herein refers to an oligonucleotide, the sequence of at
least a portion of which is complementary to a segment of a template DNA which to be
amplified or replicated. Typically primers are used in performing the polymerase chain
reaction (PGR). A primer hybridizes with (or "anneals" to) the template DNA and is used by
the polymerase enzyme as the starting point for the replication/amplification process. By
"complementary" it is meant that the nucleotide sequence of a primer is such that the primer
can form a stable hydrogen bond complex with the template; i.e., the primer can hybridize or

anneal to the template by virtue of the formation of base-pairs over a length of at least fen
consecutive base pairs.
The terms "Geminiviridae" and "Geminivirus" as used herein refer to a family of plant
viruses. There are about described 325 species in this family, divided among 7 genera.
Diseases associated with this family include: bright yellow mosaic, yellow mosaic, yellow
mottle, leaf curling, stunting, streaks, and reduced yields. They have single-stranded circular
DNA genomes encoding genes that diverge in both directions from a virion strand origin of
replication (i.e. geminivirus genomes are ambisense). According to the Baltimore
classification they are considered class

1

viruses. It is the largest known family of single

stranded DNA viruses.
Mastrevirus transmission is via various leafhopper species (e.g. maize streak virus
and other African streak viruses are transmitted by Cicaduiina mbila), curtoviruses and the
only known topocuvirus species, Tomato pseudo-curly top virus, are transmitted by
treehopper species (e.g. Tomato pseudo-curly top virus is transmitted by the treehopper

Micrutalis malleifera), and begomoviruses are transmitted by the whitefiy species, Bemisia
tabaci.
The genome can either be a single component between 2500-3100 nucleotides, or,
in the case of some begomoviruses, two similar-sized components each between 2600 and

2800 nucleotides. Begomoviruses with two component (i.e. bipartite) genomes have these
components separated into two different particles both of which must usually be transmitted
together to initiate a new infection within a suitable host cell.
Geminivirus genomes encode only a few proteins; thus, they are dependent on host
cell factors for replication: these include factors such as DNA polymerase, and probably

repair polymerases, to amplify their genomes, as well as transcription factors.
Geminiviruses replicate via a rolling circle mechanism like bacteriophages such as

13, and

many piasmids. Replication occurs within the nucleus of an infected plant ceil. First the
single-stranded circular DNA is converted to a double-stranded circular intermediate. This
step involves the use of cellular DNA repair enzymes to produce a complementary negativesense strand, using the viral genomic or plus-sense DNA strand as a template. The next
step is the roiling circle phase, where the viral strand is cleaved at a specific site situated
within the origin of replication by the viral Rep protein in order to initiate replication. This
process in a eukaryotic nucleus can give rise to concatemeric double-stranded forms of
replicative intermediate genomes, although double-stranded unit circles can be isolated from
infected plants and ceils. New single-stranded DNA forms of the virus genome (plus-sense)
are probably formed by interaction of the coat protein with replicating DNA intermediates, as
genomes lacking a CP gene do not form ssDNA. The ssDNA is packaged into germinate

particles in the nucleus. It is not clear if these particles can then leave the nucleus and be
transmitted to surrounding cells as virions, or whether ssDNA associated with coat protein
and a movement protein is the form of the genome that gets trafficked from cell to cell via the

plasmodesmata.
Further definitions are provided in context below. Unless otherwise defined, ail
technical and scientific terms used herein have the same meaning as commonly understood
by one of ordinary skill in the art of molecular biology. Although methods and materials

similar or equivalent to those described herein can be used in the practice or testing of the
present invention, suitable methods and materials are described herein.

Abbreviations
CRISPR: Clustered Regularly Interspaced Short Paiendromic Repeat (a region in
bacterial genomes used in pathogen defense; crRNA: endogenous bacterial RNA that
confers target specificity, requires tracrRNA to bind to Cas9; DSB: Double Strand Break;
sgRNA (gRNA): guide RNA, a fusion of the crRNA and tracrRNA; sgRNA sequence: 20
nucleotides that precede a PA

sequence in the genomic DNA; HDR: Homology Directed

Repair; InDei: insertion/Deletion; NHEJ: Non-Homologous End-Joining; ORF: Open Reading

Frame; PAM: Protospacer Adjacent Motif; R , non-coding intervening region; CR, coding
region; CP, coat protein

Description
The present disclosure encompasses embodiments of a method for genetically
modifying a plant so as to confer to the plant resistance to a viral pathogen or a plurality of
viral pathogens it is contemplated that the plant will have been genetically modified to
express the components of the CRISPR/Cas9 system by methods that are known in the art
or as described in Example 7 of the present disclosure. The generation of such a plant is
not restricted to only a tobacco or tomato plant but may be adapted to any plant species that
is desired to modify to have a resistance to a viral pathogen.

The methods of the disclosure further include the step of identifying within the
genome of a target virus pathogen a nucleotide sequence that may be isolated and delivered
to the CRiSPR/Cas9-expressing plant ceils for an encounter with the infecting viral particles.
Especially advantageously, the methods of the disclosure are useful against infections of
plants by species of geminiviridae. It is contemplated that such virus pathogens can be, but
are not limited to, member species of the genera Becurtovirus, Begomovirus, Curtovirus,

Eragrovirus, Mastrevirus, Topocuvirus or Turncurtovirus, and most advantageously directed
against the pathogens Beet Curly Top Iran virus, Spinach Severe Curly Top Virus, Bean
Golden Mosaic Virus, Beet Curly Top Virus, Eragrostis curvula Streak Virus, Maize Streak
Virus, Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato Yellow Leaf

Cur Virus (TYLCV). An especially significant pathogenic virus that can be targeted by the

methods of the present disclosure is Tomato Yellow Leaf Curl Virus (TYLCV).
It is further contemplated that the nucleotide sequences derived from the targeted

virus genome may be used to make transgenic, and thereby stably generate genetically
modified plants that are able to counteract an infection by a virus pathogen. By this means,
it is possible to provide a population of protected plants such that an agricultural production

of the plant is resistant to the invasive virus pathogen. It is within the scope of the present
disclosure, therefore, for the method to incorporate delivering the viral nucleotide
sequence(s) as sgRNA by such means well-known in the art as a viral vector systemica!iy
delivered to a parent plant, by a mechanical means requiring damaging the outer wall of
cells of a recipient plant tissue, by in vitro transformation and subsequent growth of the
transformed cells to a mature plant, and the like.
The disclosure further provides embodiments of genetically modified plants that are
transformed (most advantageously stably transformed) to express a heterologous
endonuclease Cas9 and the single strands of nucleic acid that are complementary to a
region of the target virus and which enable the endonuclease 9 to cleave the target viral

genome, thereby inactivating the virus and reducing the level of the infection in the plant.
The CRISPR/Cas9 system provides molecular immunity to bacteria and archaea
against invading phages and conjugative piasmids and has been adapted for targeted
genome editing across diverse eukaryotic species. The methods of the present disclosure
adapt the CRISPR/Cas9 system to function as molecular immunity machinery directed
specifically against DNA viruses. The system according to the disclosure was functionally
verified as operable against such as Tomato Yellow Leaf Curly Virus (TYLCV) infections.
Thus, while not intending to be limiting as to the geminivirus target, sgRNAs specifically

targeted to TYLCV sequences were introduced into a Cas9 overexpressing Nicotiana

benthamiana plants. Subsequently, the N . benthamiana plants were challenged with
TYLCV.
The data obtained from using the above system shows that the CRISPR/Cas9
system targeted TYLCV for degradation and/ or introduced mutations at the target
sequences. Several sgRNAs were tested for activity against TYLCV. A sgRNA targeting the
intergenic region ( R) showed advantageous interference levels against TYLCV and
exhibited delayed and/ or reduced accumulation of viral DNA The majority of recipient
plants were showing either no symptoms or significantly attenuated symptoms. Moreover, it

was found that the systems of the disclosure can be highly target-specific. Thus plants
challenged with geminiviruses other than TYLCV were not protected. Cumulatively the data
of the disclosure establish the efficacy and extend the utility of the CRISPR/Cas9 system to

be advantageous for viral interference in plants and provide a mechanism for the generation

of genetically modified plants that are resistant to multiple viral infections.
TYLCV is a single-stranded DNA virus (ssDNA), with a genome size of approximately
2 7 kb that replicates in a rolling circle mechanism through a double stranded DNA (dsDNA)
intermediate (Moriones & Navas-Castiilo (2000) Virus Res. 71: 123-134; Czosnek et al.,
(1993) Plant Mol. Biol. 22: 995-1005). The genomic structure of TYLCV is composed of 8
partially, bi-directionally organized, overlapping open reading frames (ORF) with intergenic
region (IR) containing the origin of replication (Gafni Y . (2003) Moi. Plant Pathol. 4 : 9-15).
Geminiviruses do not have their own DNA polymerase but reactivate the host cellular Sphase and replication machinery to enable the replication of their own genome. Upon
infections of plant ceils, the Rep protein binds to the origin of replication and the replication
process starts in the plant cell nucleus (Gafni Y . (2003) Mol. Plant Pathol. 4 : 9-15). it has
been shown that the replication occurs through dsDNA intermediate through a rolling circle

model similar to 0 74 phage. Disease symptoms caused by TYLCV include chiorotic leaf

margins, and cupped, thick and rubbery small leaves and significant fruit abscission and
overall stunting of plants.
Bacteria and archaea use the clustered regularly interspaced palindromic repeat
(CRISPR)/ CRISPR associated (Cas) 9 , (CRISPR/Cas9), system as a molecular immunity
mechanism against invading nucleic acids of conjugative piasmids or phages (Barrangou R .
(2013) RNA 4 : 267-278; Bikard et al., (2012) Cell Host & Microbe 12: 177-186; Emerson et
a/., (2013) Archaea 2013: 370871; Marraffini & Sontheimer (2010) Nature Revs. Genetics

11: 181-190; Elmore et al., (2013) RNA Biol. 10: 828-840; Marraffini & Sontheimer (2008)
Science 322: 1843-1845). The CRISPR/Cas9 system was used in diverse eukaryotic

species for targeted genome editing applications (Cong et al., (2013) Science 339: 819-823;
Mali et al., (2013) Science 339: 823-826). The CRISPR/Cas9 system is comprised of the

Cas9 endonuclease of Streptococcus pyogenes and a synthetic guide RNA (sgRNA) that
directs the Cas9 endonuclease to a target sequence complementary to 20 nucleotides
preceding the protospacer-associated motif (PAM) (NGG) required for Cas9 activity (Jinek et
a/., (2012) Science 337: 816-821; Gasiunas et al., (2012) Proc. Nat. Acad. Sci. U.S.A. 109:

E2579-2586).
The specificity of the system, and the fact that targeting is determined by the 20nucieotide sequence of the sgRNA, allows for unprecedented, facile genome engineering.
Furthermore, the CRiSPR/Cas9 system facilitates multiple, simultaneous targeted
modifications (multiplexing) in the genomic targets (Cong et a/., (2013) Science 339: 8 9823). Targeted DNA mutagenesis using site-specific endonucieases has been used against

a variety of mammalian DNA viruses (Schiffer et al., (2012) J. Virol. 86: 8920-8936).

Recently, CR1SPR/Cas9 system has been used to target different mammalian viruses. For
example, it has been used to efficiently eradicate the HIV provirai DNA from the host
genome and to prevent the HIV infection (Hu et a/., (2014) Proc Nat. Acad. Sci. U.S.A. 111:
46 1- 1466). It has also been used to disrupt the hepatitis B virus and to treat the latent

infection of Epstein-Barr virus and to engineer the herpes simplex virus (HSV) large DNA
genome (Wang & Quake (2014) Proc. Nat. Acad. Sci. U.S.A. 111: 13157-13162; Suenaga et
a/., (2014) Microbiol. Immunol. 58: 513-522; Zhen et al., (2015) Gene Therapy Feb 5 . doi:

10.1038; Yuen et a/., (2014) J. Gen. Virol. 2015 96: 626-636).

As shown by the experimental data of the present disclosure, CRISPR/Cas9 can be
advantageously used for in planta viral interference against TYLCV. Different TYLCV ORFs
and the R sequence can be targeted for cleavage and mutagenesis by the CRlSPR/Cas9
system. Targeting the TYLCV genome resulted in a significant reduction or attenuation of
the disease symptoms. Further, the data reveal the ability of the CRISPR/Cas9 system to
target multiple viruses simultaneously. Accordingly, it has been demonstrated that the
CRISPR/Cas9 system can be advantageously incorporated into plants and combined with
specific viral sgRNA sequences that confer resistance of the plants to TYLCV and other
DNA viruses.

Accordingly, one advantageous embodiment of the methods of the disclosure
comprises delivering sgRNAs harboring TYLCV sequences via TRV systemic infection into
N . benthamiana plants over-expressing Cas9 endonuclease (NB-Cas90E) (generated as

taught in A l et ai., (2015) Mol. Plant Mar 6 . S1674-2052, incorporated herein by reference in
its entirety).

As shown schematically in Fig. 1A, TYLCV is composed of 6 overlapping ORFs.
sgRNAs specific to the IR or ORFs were tested. Genetically-modified recipient NB-Cas90E
plants that accumulated systemicaliy sgRNAs with specificity to TYLCV sequences were
challenged with an infectious clone of TYLCV. The TYLCV infectious clone was either
infiltrated 7 days post-TRV infiltration or co- infiltrated with the TRV.
To test whether the GR!SPR/Cas9 system interfered with TYLCV, the R region (the
noncoding 314-bp intergenic region (IR) viral element required for viral dsDNA replication)
was selected for targeting. The

is important for replication and transcription of TYLCV.

IR-sgRNA, such as having the nucleotide sequence shown in Fig. 1A, was delivered via the
TRV system and 7 days post-TRV infiltration; NB-Cas90E plants were challenged with
TYLCV infections clone, as schematically shown in Fig.

B. Seven days post-agroinfiltration

with TYLCV total RNA and DNA were isolated from the plant leaves.
To determine the TYLCV titer, a semi-quantitative PGR was performed using primers
encompassing the R region. Thus, a low titer of TYLCV in the samples co-infiltrated with

sgRNA targeting the !R region was compared to the vector controls TRV and TYLCV only.
TYLCV replicates through roiling circle amplification using the plant machinery (Bang e a!.,
(2014) Plant Pathology J. 30: 310-315). A n RCA assay was performed to test whether
targeting the

interferes with TYLCV accumulation. The data demonstrate that targeting

the IR via the CRISPR/Cas9 system interfered with the TYLCV replication (as shown in Fig.
1C).

Because TYLCV is a single stranded virus and converted to double stranded DNA
inside the plant ceil nucleus interference with the TYLCV replication by targeting the R
region with CRISPR/Cas9 system would result in no or low accumulation of both ssDNA and
dsDNA forms. Therefore, dot blot assays were applied to test the interference with the
TYLCV replication. Dot blot results show that TYLCV accumulated at a lower titer in the
sgRNA-IR plants compared to vector only negative control and TYLCV-positive control. The
dot blot results (Fig. 1E) were confirmed by Southern blotting assays (Fig. 1F). Our results
demonstrate that targeting the R of the TYLCV led to no detectable accumulation of both
ssDNA and dsDNA, compared to empty vector and TYLCV.

CRISPR/Cas9 mediates targeted cleavage of TYLCV genome: It was determined whether
the attenuated replication of the TYLCV was due to the targeted cleavage or modification of
the genome, and not simply due to the binding of the complex and interfering with the
replications machinery. Therefore, T7Ei and restriction enzyme loss assays were employed
to determine the presence and efficiency of the targeted modification within the IR region.
The 20-nucieotide target sequence of the R region of the TYLCV (SEQ ID NO:

17)

as shown in Fig. 1A, contains a recognition sequence (AATATT) for the Ssp endonuclease.

Genomic DNA was isolated at 7 dpi and a 560 bp fragment was PGR amplified
encompassing the IR target sequence and which contained two extra Sspl sites.
Accordingly, Sspl complete digestion of wild fragment produces four fragments with sizes of
53bp, 92bp, 189bp and 216bp. Moreover, targeted modification at the IR sequence and the
subsequent repair via NHEJ will result in a loss of the Sspl site within the R region and a
269 bp resistant band.
The results demonstrate the appearance of the Sspi-resistant DNA band of 269 bp,
only in the sgRNA-!R samples compared to vector control and TYLCV alone, indicating the
targeted modification of the IR region by the CRISPR/Cas9 system (Fig. 2A).
To validate the presence of indeis, the 560 bp PGR ampiieons was cloned into pJet
2.1 cloning vector and Sanger sequenced. Alignment of the Sanger sequencing reads

indicated that 28% of the clones carry targeted modification within the IR sequence.
Furthermore, to test whether other targets in different ORFs mediate interference
with TYLCV, as shown in Fig 2B, two other sgRNAs targeting the CP and Rep ORFs were

designed. The T7EI and/ or restriction site loss assays and Sanger sequencing indicated
that different ORFs besides just the R can be targeted for modification and used to interfere
with TYLCV accumulation (Figs. 2C and 2D). Further, the T7EI and restriction loss assays
were corroborated using RCA and Southern blotting.

CRISPR/Cas9 system mediates specific targeting and interference with the TYLCV genome:
it was determined whether the CRISPR/Cas9-mediated specifically interferes with the
TYLCV. The R regions of most of the geminiviruses are conserved within each specific type
of virus (Yang et a/ , (2004) Phytopathology 94: 490-496). To confirm that the IR-sgRNA
was targeting only TYLCV R region and interfering specifically with TYLCV genome
replication, another mono-partite geminivirus, the Beet Curly Top Virus (BCTV) strain Logon

was co- infiltrated with TYLCV-IR-sgRNA (Fig. 3A). The modification of the R sequence of
both TYLCV and BCTV was tested by restriction enzyme loss and T7EI assays (Figs. 3B

and 3C). The results confirmed that TYLCV-IR-sgRNA specifically targeted TYLCV genome,

but not Logon genome. Conversely, it was also confirmed that BCTV-!R-sgRNA targeted
the BCTV genome but not TYLCV genome (Figs. 4A-4C).

CRISPR/Cas9 system attenuates or represses the TYLCV symptoms: The interference with
TYLCV replication by the CRISPR/Cas9 machinery would lead to reduced or cleared TYLCV
symptoms reminiscent of the natural immunity in bacteria against phages. Accordingly, the
TYLCV symptoms were assessed and evaluated in NB-Cas90E plants challenged with
TYLCV infectious done. Three groups of NB-Cas90E plants expressing the sgRNAs
specific for the R , CP and Rep regions were challenged with the infectious clone.
NB-Cas90E plants expressing sgRNA targeting the IR region showed significantly
reduced TYLCV symptoms compared with positive and negative controls. Moreover, NBCas90E plants expressing sgRNA targeting CP or Rep ORFs showed reductions of TYLCV
symptoms but not as significant as with the sgRNA targeting the IR sequence. Southern
blotting confirmed the absence, or significant reduction, of TYLCV in the IR-sgRNA targeted
plants compared with the vector control (Figs. 5A and 5B).

The phenotypic data of the TYLCV symptoms corroborated the molecular analysis
results that showed significant reduction of the viral genome when the IR region was
targeted for cleavage

a second set of experiments, it was tested whether targeting more

than one sequence of the TYLCV genome would lead to further elevated and effective

reduction of TYLCV symptoms. Therefore, sgRNAs targeting the CP and R regions were
co-expressed as well as sgRNAs targeting the CP and Rep proteins. The data demonstrate
that targeting two different sequences did not have an additive effect on the reduction of
TYLCV symptoms or the accumulation of the virus genome. Similarly, the co-expression of

CP and RCR sgRNAs resulted in a reduction of TYLCV symptoms at levels similar to the

expression of either CP or RCR single sgRNA.
All viruses possess at least one RNA silencing suppressor to counteract the host

defense and produce successful infections (Pumplin & Voinnet (2013) Nature Revs
Microbiology 11 : 745-760). The CRISPR/Cas9 system provides molecular immunity
mechanism to bacterial and archaeal species to fend off viral infections (Doudna &
Charpentier (2014) Science 348: 1258096). The data of the disclosure demonstrate the
advantageous use of the CRISPR/Cas9 system to function as a heterogeneous molecular
immunity mechanism in plants specifically directed against invading DNA viruses.
Recently, a method for the delivery of sgRNA molecules systemically into the Cas9OE N . benthamiana was described (A et a!., (2015) Moi. Plant Mar 6 . S 674-2052

incorporated herein by reference in its entirety, including all supplemental material therein).
This approach was employed to test whether the CRiSPR/Cas9 system can be used for
interference against TYLCV. Accordingly, sgRNA molecules were systemically delivered via
the TRV system and assessed for the interference of the (co~ nf rated) TYLCV replication
and accumulation and symptoms development. Extensive molecular analysis has shown

that co-infiltration of TRV harboring sgRNAs targeting specific sequences in the TYLCV with
the TYLCV virus led to significant repression of viral replication and accumulation. Since the
binding of the CR!SPR/Cas9 system to the R region can attenuate the virus replication, the
presence and efficiency of genomic modification at the R region was investigated and
significant levels of genomic modification were found, indicating the usefulness of the
CRISPR/Cas9 system to target viral genomes.
Whether Cas9 can target different TYLCV ORFs for cleavage was then tested.
sgRNAs targeting the ORFs of CP and RCR were designed, constructed and systemically
delivered. The data demonstrate that CRISPR/Cas9 is capable of targeting regions of the
TYLVC genome in addition to the R region such as the ORFs encoding the CP, RCR. This
result indicated the advantageous use of the CR!SPR/Cas9 system for targeted interference
of plant viral genomes.
Targeted cleavage of viral genomes may lead to interference with its replication,
systemic infection and development of viral symptoms. Whether targeting the IR region,
known to be essential for viral replication and transcription, would affect the viral replication
and accumulation was tested. RCA, semi-quantitative PGR, and Southern blotting assays

were employed to indicate that targeting the IR region led to significant reductions of the viral
replication and accumulation compared to the vector only negative control and positive
control. Therefore, the data suggest the advantageous use of the CRISPR/Cas9 system for

interference with plant DNA viruses. Whether targeting different ORFs simultaneously would

lead to further reduction of the viral replication and accumulation by targeting the CP and
Rep ORFs was investigated. The data demonstrate that targeting CP and Rep ORFs

resulted in reductions of viral replication and accumulation at levels similar to those when a
single sgRNA for either CP or Rep was used, i.e there was no cumulative effect from

combining the two sgRNAs targeting individual ORFs. Similarly, simultaneous targeting of
the IR and CP sequences by co-expression of sgRNAs targeting their sequences did not
have an additive effect and led to reduction of viral accumulation and symptoms at levels
similar to using single sgRNA targeting the sequence.
Targeting CP and Rep ORFs resulted in attenuated symptoms but at levels lower
than found with that of the R target. Not wishing to be bound by any one theory, it is

possible that binding of the CRISPR/Cas9 system to the R region could have a combined
effect of modification and repression of replication and transcription by occupying key
sequences for these processes. Notably, the IR region is important for viral replication and
transcription and manipulations of this region may have significant consequences compared
to other sequences in other ORFs.
An advantageous criterion for in planta viral interference is specificity against

targeted viral strains. Therefore, the ability of the CRISPR/Cas9-mediated viral interference
system according to the disclosure to specifically target a particular virus by coagroinfiltration of the two viral strains TYLCV and Woriond was tested. The results showed
that when sgRNA targeting TYLCV sequences was used, only the TYLCV genome was
modified, and when sgRNA-targeting Woriond was used, only the Woriond genome

sequence was modified, indicating the system target virus specificity.
The ability of the systems and methods of the disclosure to exert specificity is
particularly advantageous in targeting newly evolved viral variants. For example, while not
wishing to be limiting, resistance based on the plant host could place selection pressure on
the virus and lead to adaptation and a successful infection by the generation of the variants
with better adaptation, e.g. by changing the PAM tri-nucleotide sequence and abrogating the
recognition of the target sequence by the CRISPR/Cas9 system. That the emergence of
TYLCV recombinant variants can overcome resistance has been reported in Ty- resistant
plants (Veriaan et a/., (2013) PLoS Genetics 9:e1003399). Thus, since the CRSiPR/cas9

system of the disclosure targets the virus DNA for destruction; DNA repair could lead to the
generation of a viral variant with a different PAM sequence, thereby escaping from the
activity of the CRISPR/Cas9 system. Since certain DNA sequences are central to viral
replication, e.g. the R region, mutagenesis of this sequence could lead to a significant

reduction of viral replication.

To maintain the replication of a new virus variant, the target sequence must mutate to
escape the recognition of the CRISPR/Cas9 system and simultaneously the key replication
machinery enzymes that bind to such sequences must mutate to recognize the new
sequence. Furthermore, simultaneously targeting two viral sequences for cleavage will lead
to the destruction of the viral genome and reduce the likelihood of DNA repair and
generation of infectious virus variant. Emerging variants can, therefore, be combated
through the design and application of sgRNA molecules with specificity to novel variant
sequences.
Although the data did not show any additive effect on the accumulation of the TYLCV
genome or symptoms development, this might be due to the nature of the carrier TRV
infection resulting in the two sgRNAs not being made in single cells and available to cleave
the TYLCV at more than one site simultaneously it is contemplated, however, to be within
the scope of the disclosure for the generation of TYLCV host plants stably expressing Cas9
and multiple sgRNAs that can exhibit additive effects and elevated resistance to TYLCV.
It was also tested whether the methods and systems of the disclosure can

simultaneously target a plurality of viral strains. This was achieved in one demonstration by
co-infiltration of sgRNAs targeting TYLCV and the Beet Curly Top Virus (strain Worlond).
The data suggest that it is possible to simultaneously target more than one viral strain. This
approach can advantageously be used to engineer plants resistant to multiple DNA viruses
or viral strains. Thus, it has been recently reported that it is possible to express several
sgRNAs simultaneously (Xie e a!., (2015) Proc Nat. Acad. Sci. U.S.A. 112:3570-3575).
This system can be used to express sgRNAs with specificity to multiple DNA viruses. The
application of the CR!SPR/Cas9-mediated viral interference technology provides platform to
develop crop cultivars with superior resistance to single or multiple viruses.
The efficiency of the CRISPR/Cas9 machinery was investigated for targeting different
coding and non-coding sequences of geminivirus genomes and assessed the rate of inde
formation in coding and non-coding regions of these viruses. Whether virus variants were
generated and whether the generation of these variants would eventually enable the virus to
evade the CRiSPR/Cas9 machinery was also examined. To investigate the versatility of the
CRISPR/Cas9 system in conferring interference against different geminiviruses, the
interference activity against Cotton Leaf Curl Kokhran Virus (CLCuKoV) was investigated,
which required the helper Cotton Leaf Curl

ultan Betasateliite (CLCu

) for disease

symptom development. sgRNAs targeting the coding and non-coding regions of CLCuKoV
individually were tested to determine their efficacy in directing the Cas9 endonudease to the
viral genome and establishing interference. The data show that sgRNAs targeting the
coding regions of the CP and RCRII ORFs mediated high levels of interference, as

evidenced by ihe inde mutation detection assays, which was subsequently confirmed by
Sanger sequencing.

By contrast, indel modifications were not detected in the R via the

T7E! and restriction site loss assays using an sgRNA targeting the R of the CLCuKoV or
variant sgRNAs. These results suggest that either the sgRNA was inactive and incapable of
directing the Cas9 endonudease to the target virus sequence or that the targeting occurred
but the DSBs were not repaired via NHEJ and the cleaved virus sequences were
subsequently degraded or the repaired variants were incapable of replication.
Coding and non-coding sequences of other bipartite viruses could be targeted by
CRISPR/Cas9, with subsequent NHEJ resulting in indel modifications.

The bipartite MeMV

(DNA-A and DNA-B genomes) and designed sgRNAs targeting the R and ORFs (CP and
RCRIil, respectively) were targeted. It was found that sgRNAs targeting the coding and
noncoding sequences were capable of targeting and interfering with subsequent NHEJ
repair, as revealed by the T7EI and restriction site loss assays and Sanger sequencing.
Therefore, the CRISPR/Cas9 system can interfere with bipartite viruses (MeMV) and target
the R , with subsequent NHEJ repair. Notably, differential CRISPR/Cas9-based

indel

formation in human viruses was also recently reported (Baltes e a!., Nat. Plants 1 , 15145
(2015); J i et aL, Nat. Plants 1, 15144 (2015); Mansoor et a!., Arch. Virol. 148, 1969-1986
(2003).
Variable efficiencies of targeting the R and the subsequent repair of DSBs were
observed and it was attempted to determine whether targeting the Rs of different strains of
the same geminivirus would be similar or would vary. To investigate this, two different
strains of TYLCV, i.e., TYLCV2.3 and the severe strain TYLCVSV were used. Examination
of the designed sgRNAs, including the invariant conserved nonanucleotide target sequence,
revealed the absence of indels at the IR of TYLCSV. However, the same sgRNA, as well as
another authentic sgRNA targeting the TYLCV2.3

R , were able to target TYLCV2.3, and the

R was subsequently repaired by NHEJ, as evidenced by the presence of indel modifications
in the T7E1 and restriction site loss assays. Consistent with the previous results, all sgRNAs

targeting the ORF (CP and RCR ) sequences were highly efficient in targeting all virus
strains, with subsequent repair via NHEJ, as evidenced by the T7Ei assays and Sanger
sequencing.
The inability to detect any indel modifications in viral genomes from plants carrying
sgRNAs targeting the Rs of TYLCVSV and CLCuKoV prompted further investigation.

Such

inability could involve: 1) the inability of the sgRNA to target the Cas9 protein to the IR
sequences of CLCuKoV and TYLCVSV; 2) the inability of the NHEJ repair machinery to
repair DSBs, ultimately leading to degradation of the cleaved R sequences of these two
viruses; or 3) the IR repaired variants of individual genomes were unable to replicate and

were ultimately degraded. To determine which of these possibilities is in play, the
interference activities was investigated by measuring the accumulation of the genomes of
these two viruses. Interestingly, the sgRNAs targeting the

s of CLCuKoV and TYLCVSV

were capable of directing the CRiSPR/Cas9 machinery to the R , thereby interfering with
viral replication, ultimately resulting in a significant reduction in viral genome levels.

Therefore, the findings indicate that the R sgRNA can target the viral genome, but the
subsequent repair of the DSBs via

HEJ is likely to generate viral variants inefficient in viral

replication. This prompted us to sequence numerous ampiicons to determine whether inde
production or other types of modifications could have taken place. Sanger sequencing of the
R ampiicons revealed the presence of a few R sequences with large deletions ranging from
6 -380 bp, indicating the inefficiency of NHEJ repair.

The data reveal that the targeting and subsequent modification of coding regions via
NHEJ repair are quite efficient and universal among the geminiviruses examined. However,

sgRNAs targeting the R are capable of interference, but the subsequent repair process
results in variants inefficient in replication. Moreover, it is likely that ampiicons with long
deletions would be incapable of replication and systemic infection. Since efficient NHEJ
repair was observed in the coding sequences of the CP and RCR l, it was investigated
whether these repaired sequences with indeis, which constitute different protein variants,
can replicate and survive, and could therefore move systemically throughout the plant. This

hypothesis was investigated by applying CRlSPR/Cas9 machinery targeting the coding
sequences of the virus. Subsequently, the presence of indeis by mutation detection assays
was confirmed, and sap was used as a source of the virus variants generated by NHEJ
repair to inoculate WT N . benthamiana plants. The presence of these variants was then
assayed for in the systemic leaves of WT N benthamiana plants. Virus variants were
detected in the systemic leaves of WT N . benthamiana plants, indicating the capability of
these variants to replicate and systemically move throughout the plant. By contrast, a similar
set of experiments was performed using the sap from CRlSPR/Cas9 machinery targeted to

the IR. Virus variants with modifications in the IR were not detected, corroborating the
previous results and indicating that the NHEJ repaired variants are inefficient in replication.
Notably, the ability of virus variants to replicate and subsequently dodge CRISPR/Cas9 was
recently observed in HIV-1.
The findings provide important insights into the potential use of the CRISPR/Cas9
system for virus interference. Since NHEJ repair of the coding regions of different
geminiviruses is quite efficient, leading to the generation of different viral variants capable of
replication and systemic infection, it may be possible to generate viral variants that escape
the CR!SPR/Cas9 machinery. The selection and replication of these repaired variants would

favor he more fit variants for virus survival. Since these viral variants could have variable
replication efficiencies, it is expected that the variants with more proficient replication would
predominate over those with less proficient replication. It also remains to be determined
whether targeting certain genomic regions would increase the recombination frequencies
under natural field conditions where mixed infections predominate.
The short genomes of viruses contain highly specialized, specific sequences required
for specific functions including viral replication, evading host defense systems, and host
infection. When designing interference strategies against viruses and coping with putative

viral escape, the main focus is on the sequences that provide better interference when used

for targeted interference. Similarly, given the considerable heterogeneity and recombination
ability of geminiviruses and the ability of CRISPR/Cas9-induced variants for replication and
systemic movement, it would be conceivable to devise strategies where the CRISPR/Cas9
system targets the noncoding region (three nucleotides before the PAM) to inhibit or prevent
the replication of the virus by mutating the essential parts of geminiviruses. Alternatively,
targeting multiple regions of the virus genome simultaneously would abrogate the ability of
the virus to use the NHEJ repair system, and these cleaved molecules would ultimately be
degraded. Because the R is critical for binding and replication initiation 42 , targeting this
region by a cataiyticaily inactive Cas9 would be expected to abrogate viral replication and

subsequently lead to virus interference. In conclusion, the study highlights important
aspects to consider when developing CRISPR/Cas9-based strategies for durable virus
interference and resistance, thereby improving agricultural productivity.
One aspect of the disclosure encompasses embodiments of a genetically modified
plant resistant to at least one pathogenic geminivirus species, said plant comprising a
heterologous CRISPR/Cas9 system and at least one heterologous nucleotide sequence that
is capable of hybridizing to a nucleotide sequence of the pathogenic virus under stringent

conditions, or to a complement thereof, and that directs inactivation of the pathogenic virus
species or plurality of viral species by the CRISPR/Cas9 system.
In some embodiments of this aspect of the disclosure, the at least one heterologous

nucleotide sequence can be inserted into a chromosome of the plant, is an
extrachromosomai element, or is inserted in a vector.
In some embodiments of this aspect of the disclosure, the pathogenic virus is of the

geminiviridae.
In some embodiments of this aspect of the disclosure, the pathogenic virus can be of

the geminiviridae genus Becurtovirus, Begomovirus, Curtovirus, Eragrovirus, Mastrevirus,

Topocuvirus or Turncurtovirus.

In some embodiments of this aspect of the disclosure, the pathogenic virus can be

selected from the group consisting of: Beet Curly Top Iran virus, Spinach Severe Curly Top
Virus, Bean golden mosaic virus, Beet Curly Top Virus, Eragrostis curvula Streak Virus,

Maize Streak Virus, Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato
Yellow Leaf Curl Virus (TYLCV).
In some embodiments of this aspect of the disclosure, the plant is a tobacco plant or

a tomato plant.
In some embodiments of this aspect of the disclosure, the at least one heteroiogous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide
sequence of the pathogenic virus, or to a complement thereof, and wherein the nucleotide
sequence of the pathogenic virus is an Intergenic Region (IR) or an Open Reading Frame
(ORF) thereof.
In some embodiments of this aspect of the disclosure, the at least one heterologous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide
sequence of an intergenic Region (IR) of the pathogenic virus, or to a complement thereof.
In some embodiments of this aspect of the disclosure, the at least one heteroiogous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide
sequence of an intergenic Region (IR) of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a
complement thereof.
In some embodiments of this aspect of the disclosure, the at least one second

heteroiogous nucleotide sequence can have the nucleic acid sequence 5'GGCCATCCGTATAATTAC-3' (SEQ D NO: 75).
Accordingly this aspect of the disclosure encompasses embodiments of a genetically
modified tobacco plant or tomato plant resistant to at least one pathogenic geminivirus
species selected from the group consisting of: Beet Curly Top Iran Virus, Spinach Severe
Curly Top Virus, Bean Golden Mosaic Virus, Beet Curly Top Virus, Eragrostis curvula Streak
Virus, Maize Streak Virus, Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and

Tomato Yellow Leaf Curl Virus (TYLCV), said plant comprising a heteroiogous
CRISPR/Cas9 system and at least one heterologous nucleotide sequence that is capable of
hybridizing to an Intergenic Region (IR) nucleotide sequence of the pathogenic virus under
stringent conditions, or to a complement thereof, and that directs inactivation of the
pathogenic virus species or plurality of viral species by the CRISPR/Cas9 system, wherein
the at least one heterologous nucleotide sequence is inserted into a chromosome of the
plant, is an extrachromosomal element, or is inserted in a vector.
In some embodiments of this aspect of the disclosure, the at least one heterologous

nucleotide sequence is capable of hybridizing under stringent conditions to a nucleotide

sequence of an Iniergenic Region (IR) of the Tomato Yellow Leaf Curi Virus (TYLCV), or to a
complement thereof and has the nucleic acid sequence 5'-GGCCATCCGTATAATTAC-3'
(SEQ ID NO: 75).

Another aspect of the disclosure encompasses embodiments of a method of
generating a genetically modified plant resistant to a virus pathogen, the method comprising
the steps of: (a) obtaining a plant susceptible to a pathogenic virus, wherein said plant is
genetically modified to express a heterologous CRISPR/Cas9 system; and (b) genetically
modifying said plant to include at least one heterologous nucleotide sequence capable of
hybridizing under stringent conditions to a nucleotide sequence of the pathogenic virus, or to
a complement thereof, and wherein the at least one heterologous nucleotide sequence can
direct inactivation of the virus pathogen by the CRISPR/Cas9 system.
In some embodiments of this aspect of the disclosure, the step (b) comprises

delivering the at least one heterologous nucleotide sequence to a population of ceils of the
plant by transfection with viral vector, by a mechanical method, or by genetically modifying
an isolated plant cell and generating the plant therefrom.
In some embodiments of this aspect of the disclosure, the method can further

comprise the step of cultivating the genetically modified plant resistant to a virus pathogen to
generate a population of said plants, wherein said progeny are reproduced sexually or
asexual y.
In some embodiments of this aspect of the disclosure, the pathogenic virus can be of

the genus geminiviridae.
In some embodiments of this aspect of the disclosure, the pathogenic virus can be of

the geminiviridae genus Becuriovirus, Begomovirus, Curtovirus, Eragrovirus, Mastrevirus,

Topocuvirus or T ncur ovir s.
In some embodiments of this aspect of the disclosure, the pathogenic virus can be

selected from the group consisting of: Beet Curly Top Iran virus, Spinach Severe Curly Top
Virus, Bean Golden Mosaic Virus, Beet Curly Top Virus, Eragrostis curvula Streak Virus,

Maize Streak Virus, Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato
Yellow Leaf Curl Virus (TYLCV).
In some embodiments of this aspect of the disclosure, the pathogenic virus is Tomato

Yellow Leaf Cur Virus (TYLCV).
In some embodiments of this aspect of the disclosure, the plant can be a tobacco

plant or a tomato plant.
In some embodiments of this aspect of the disclosure, the heterologous nucleotide

sequence is capable of hybridizing under stringent conditions to a nucleotide sequence of an

Intergenic Region (IR) or an Open Reading Frame (ORF) of the pathogenic virus, or to a
complement thereof.
In some embodiments of this aspect of the disclosure, the heterologous nucleotide

sequence is capable of hybridizing under stringent conditions to a nucleotide sequence of an
intergenic Region (IR) of the pathogenic virus, or to a complement thereof.
In some embodiments of this aspect of the disclosure, the heterologous nucleotide

sequence is capable of hybridizing under stringent conditions to a nucleotide sequence of an
Intergenic Region (IR) of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a complement
thereof.
In some embodiments of this aspect of the disclosure, the heterologous nucleotide

sequence has the nucleic acid sequence 5'~GGCCATCCGTATAATTAC-3 (SEQ ID NO: 75).
Accordingly, this aspect of the disclosure encompasses embodiments of a method of
generating a genetically modified plant resistant to a virus pathogen, the method comprising
the steps of: (a) obtaining a plant susceptible to a pathogenic geminivirus of the
geminiviridae genus Becurtovirus, Begomovirus, Curtovirus, Eragrovirus, Mastrevirus,

Topocuvirus or T ncur ovir s, and wherein said plant is genetically modified to express a
heterologous CRISPR/Cas9 system; (b) genetically modifying said plant to have at least one
heterologous nucleotide sequence capable of hybridizing under stringent conditions to a
nucleotide sequence, or to a complement thereof, of an intergenic Region (IR) or an Open
Reading Frame (ORF) of the pathogenic virus, and wherein said at least one heterologous

nucleotide sequence can direct cleavage of the virus pathogen by the CRISPR/Cas9
system, wherein step (b) comprises delivering the at least one heterologous nucleotide

sequence to a population of cells of the plant by transfection with viral vector, by a
mechanical method, or by genetically modifying an isolated plant ceil and generating the
plant therefrom; and (c) cultivating the genetically modified plant resistant to a virus

pathogen to generate a population of progenies of said plants, wherein said progeny are
reproduced sexually or asexualiy.
In some embodiments of this aspect of the disclosure, pathogenic virus is selected

from the group consisting of: Beet Curly Top Iran virus, Spinach Severe Curly Top Virus,
Bean Golden Mosaic Virus, Beet Curly Top Virus, Eragrosiis curvu!a Streak Virus, Maize

Streak Virus, Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato Yellow
Leaf Curl Virus (TYLCV), and wherein the plant is a tobacco plant or a tomato plant.
In some embodiments of this aspect of the disclosure, pathogenic virus is Tomato

Yellow Leaf Curl Virus (TYLCV), the heterologous nucleotide sequence is capable of
hybridizing under stringent conditions to a nucleotide sequence of an Intergenic Region (IR)
of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a complement thereof

In some embodiments of this aspect of the disclosure, heterologous nucleotide

sequence has the nucleic acid sequence 5'-GGCCATCCGTATAATTAC-3' (SEQ D NO: 75).
The specific examples below are to be construed as merely illustrative, and not
limitative of the remainder of the disclosure in any way whatsoever. Without further
elaboration, it is believed that one skilled in the art can, based on the description herein,
utilize the present disclosure to its fullest extent. Ail publications recited herein are hereby
incorporated by reference in their entirety.
It should be emphasized that the embodiments of the present disclosure, particularly,

any "preferred" embodiments, are merely possible examples of the implementations, merely
set forth for a clear understanding of the principles of the disclosure. Many variations and
modifications may be made to the above-described embodiment(s) of the disclosure without
departing substantially from the spirit and principles of the disclosure. All such modifications
and variations are intended to be included herein within the scope of this disclosure, and the

present disclosure and protected by the following claims.
The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to perform the methods and use the
compositions and compounds disclosed and claimed herein. Efforts have been made to
ensure accuracy with respect to numbers (e.g., amounts, temperature, etc.), but some errors
and deviations should be accounted for. Unless indicated otherwise, parts are parts by

weight, temperature is in °C, and pressure is at or near atmospheric. Standard temperature
and pressure are defined as 20 °C and 1 atmosphere.

Vector construction: To clone sgRNAs targeting TYLCV genome in TRV RNA2 vector, a
PGR based restriction ligation procedure was used. A fragment containing the 20-nucieotide

target sequence, an 84 bp Cas9 binding loop of sgRNA followed by a repeat of 7 T
nucleotides as terminator was amplified by PGR. A forward primer designed to contain X ba
recognition site, 20-nucleotide target sequence followed by 23 nucleotides of the Cas9
binding sgRNA scaffold was used with a reverse primer containing X a recognition site to
amplify a 116 bp PGR fragment, primer sequences provided in Table 1.

Table 1

The 1 16 bp PGR fragment of the sgRNA of each target was cloned into the TRV RNA2
vector under the PEBV promoter using Xba and Xma restriction enzymes. Sanger
sequencing was used to confirm clone sequences.
Example 2

Agroinfiltration: Binary constructs, including TRV RNA2 harboring the sgRNA, TRV RNA1 ,
and TYLCSV,

e V DNA-A,

e V DNA-B, CLCuKoV, and CLCuMB infectious clones,

were individually transformed into Agro bacterium tumefaciens strain GV3103 by
eiectroporation. Transformed single colonies were grown overnight in selective medium,
pelleted, and re-suspended. The bacterial cultures were mixed prior to infiltration and diluted

to OD600 -0.05 (for the infectious clones of DNA viruses) or 0 1 (for RNA1 and RNA2) in
infiltration medium (10 m

ES [pH 5.7], 10 m

CaC 2 , and 200 µ

acetosyringone). The

cultures were incubated at ambient temperature in the dark for 4 8 h . Mixed bacterial
cultures were infiltrated into the 3- to 4-week-old leaves of N . benthamiana Cas9-OE plants
using a 1 mL needleless syringe. Leaf disc samples were collected from inoculated plants,
and systemic leaves at 15 and 2 1 dpi and were subjected to various molecular analyses to

determine the presence of targeted modifications of the viral sequences.
Bacterial cultures mix was infiltrated into the lower side of 3 to 4 weeks-old leaves of
N . benthamiana Cas9 over-expression plants using a needleless 2 mL syringe. Samples of

leaf discs were collected from inoculated and systemic leaves 5 , 10, 15 and 30 days postinfiltration and subjected to molecular analyses to determine viral load and targeted
modification of the viral sequence.
Example 3

Semi-quantitative RT-PCR: Genomic DNA was extracted from plant samples as previously
described in A i Z , et a/., (2015) Moi. Plant Mar 6 . S1874-2052, incorporated herein by
reference in its entirety). DNA was quantified using Nano Drop and adjusted to 50ng/pL. A
primer set was used to amplify a 560bp fragment from the TYLCV genome. PGR of 2325cycles was performed using Phusion polymerase (New England Biolab). A primer set to
amplify the genomic DNA corresponding to N benthamiana actin was used as normalization
control.

Example 4

Mutation detection assay using restriction enzyme resistance: To determine the presence of
targeted modification in the TYLCV genome via CRISPR/Cas9 system the restriction
enzyme resistance assay was employed to the PGR products encompassing the target
sequence. Thus, genomic DNA was isolated from samples collected after 7 and 5 days
post-agroinfiltration.
A primer set was used for PGR amplification using high fidelity Phusion polymerase,
a fragment flanking R region of TYLCV (Fig. 6) PGR products were gel purified and 200 ng
was subjected to Ssp restriction enzyme protection analysis to detect the presence of
indeis. The Ssp digested product was separated on 2% agarose gel. The PCR product was

cloned to pJet2.1 vector and subjected to Sanger sequencing.

Example 5

T7EI mutation detection assay: To determine and quantify the activity of the CRISPR/Cas9
system on TYLCV genome, the mutations resulting from the DSB repair through the NHEJ
pathway were measured in A Z , e a! , (2015) Moi. Plant Mar 6 . S1674-2052, incorporated
herein by reference in its entirety). Briefly, genomic DNA was prepared from samples
collected after 5 , 10, and 30 days and used as a template for PGR amplifications of
fragments encompassing the target sequences (Table 1). PGR amplicons were denatured
and then renatured. Subsequently, to calculate the frequency of modification, the samples
were denatured and renatured, and treated with T7EI. ImageJ software was used to
calculate the mutation rates.

Rolling circle amplification: Total genomic DNA extracted from plants and quantified by Nano
Drop.RTM and was adjusted to 50ng/ML. The rolling circle amplification amplicon kit (GE
Health Care) was used to perform experiments with total genomic DNA. Genomic DNA
(50ng) was incubated for three mins at 95 °C in sample buffer and placed on ice for 5 mins.
Enzyme mix and reaction buffer were added to the samples and placed at 30 °C for 18 hours
for amplification and 65 °C for 15 mins to inactivate the enzyme. Then Nco was added to
the samples and incubated for 1 h at 37 °C. The DNA samples were resolved on 1%
agarose gel.
Example 8

Southern blotting analysis: A 580 bp-DIG labeled probe specific to TYLCV sequence was
prepared by PGR amplification of the region flanking the IR using a primer set.
Total genomic DNA (2

extracted from N benthamiana plants was resolved on a

1% gel. The D G- abe ed size marker DIG marker- (Roche) was also run at one end of the

gel. The DIG-labeied size marker (DIG marker-ll, Roche) was used to show the linear

dsDNA of TYLCV. Gel picture was taken under UV and the DNA bands were transferred to
nylon membrane (Roche). Subsequently, membrane was hybridized with D G- abei ed
probe and DNA bands corresponding to TYLCV were visualized using anti-DIG-alkaline
phosphatase (1:10,000) and CPD chemiiuminescent substrate using alpha Innotech digital
imaging system.

DNA blot analysis: PCR amplicons of IR-specific fragments of CLCuKoV and TYLCSV were
D G- abe ed. Total genomic DNA (2 g) from N . benthamiana plants was electrophoresed in
1% gels alongside the DIG-labeled size marker DIG marker-ll (Roche). The DNA fragments

were blotted onto a nylon membrane (Roche), followed by UV-crosslinking and hybridization
with the respective R-D G- abe ed probes. DNA bands were visualized using alkaline

phosphatase-conjugated anti-DIG

( 1 :10,000)

and CPD chemiluminescent substrate in an

Alpha Innotech digital imaging system.

TRV-mediated delivery ofsgRNA: TRV was used for the delivery and expression of sgRNAs
with different target specificities as described previously''

30 .

To systemical!y deliver the

sgRNAs, cloned TRV vectors were agroinfected into Cas90E N . benthamiana plants for
targeting of the TYLCSV, CLCuKoV,

e V DNA-A, and

e V DNA-B genomes,

respectively. Seven days post TRV-mediated sgRNA delivery, a second leaf was infiltrated
individually with agrobacterium containing infectious clones of TYLCSV, CLCuKoV with
CLCulViB, and MeMV DNA-A with MeMV DNA-B. Fifteen days post-DNA viral challenge,

systemic leaves were collected for molecular analysis.
Example 9

CRISPR/Cas9 evasion analysis of TYLCV2.3 and TYLCSV via sap transmission: TYLCV2.3
and TYLCSV sap inoculation was conducted as described by Gilbertson et al. (1991), with

slight modifications. Briefly, two-week-old WT N . benthamiana plants were inoculated with
sap extracted from TYLCSV-infected (CRISPR/Cas9 targeted) systemic leaves. The leaves
were ground to a powder and re-suspended at 1:4 (w/v) dilution in potassium phosphate
buffer (0.1 M , pH 8.0). The sap (from TYLCSV targeted at the R or CP) was then applied to
WT N . benthamiana plants. The adaxial surfaces of three leaves and pedicels were dusted
with carborundum (200-450 mesh) and thoroughly rubbed with sap using a pestle. The leaf
pedicels and main stem were also injected with the same sap using an 18-gauge needle.
The top (young) systemic leaves were collected at 15 days after sap application and DNA
was extracted. The extracted DNA was directly used for molecular analysis or enriched to
detect the presence of indels by pretreatment with the respective enzymes. T7Ei and
restriction site loss were used for the detection of CRISPR/Cas9 evasion, and Sanger
sequencing was used to identify the modified sequences of the viral escapees. These
experiments were performed for the noncoding (IR) and coding (CP) viral regions.
Example 10

CRISPR/Cas9 evasion analysis of CLCuKoV via grafting: Scions from four-week-old WT N

benthamiana plants were grafted onto stocks of plants infected with CLCuKoV and CLCulViB
and targeted at the IR and CP by CRISPR/Cas9 for 15 days. Top (young) leaves of scions

were collected at 2 1 days after graft establishment and used for extraction of total genomic
DNA. The extracted DNA was enriched for indels by pretreatment with the respective

restriction enzymes, followed by use as a PGR template to amplify the R or CP targets.
Molecular analysis was performed for mutation detection as described above.

Example
To construct this viral-mediated genome editing system, Cas9-over-expressing lines
of Nicotiana benthamiana were generated. First, the human codon-optimized Cas9
sequence was optimized for in plants expression by generating the pK2GW7.Cas9 done,
and then Agrobacterium tumefaciens was used to transform tobacco leaf discs. The Cas9

clone was sequence verified, and its proper localization confirmed by transient expression of
a GFP-fusion variant (encoded by pEA RLYgate 103 35S:Cas9:GFP) in tobacco leaves. In
addition, the transgenic tobacco plants were analyzed at the molecular level to determine the
expression levels of the Cas9 transcript and protein.
Next, a TRV RNA2 genome-derived vector was constructed and optimized for

sgRNA delivery. The TRV RNA2 constructs contained the sgRNA under the control of either
of two sequences: the Arabidopsis thaiiana R A polymerase

-transcribed U8 promoter

(U6::sgRNA) as a control, or the PEBV promoter (PEBV::sgRNA) to permit the expression of
the sgRNA from the viral RNA-dependent RNA polymerase.
The TRV virus was reconstituted in tobacco leaves by agroinfiltrafion of mixed

Agrobacterium cultures harboring the RNA1 genome (pYL192) in combination with the
different RNA2 vectors in which an sgRNA with binding specificity for the phytoene
desaturase (PDS) gene was driven by the negative-control promoter
(pYL156.U6::PDS.sgRNA) or the PEBV promoter (pSPDK.PEBV::PDS.sgRNA).

Ten days

post-infiltration, the presence of the TRV RNA1 and RNA2 genomes in both the inoculated
and the systemic leaves was confirmed by RT-PCR. Assays were then performed for

genomic editing of the target sequence in both inoculated and systemic leaves using the
surveyor and T7EI nucleases and restriction-protection analysis. Significant levels of editing
in both assays were detected. In both types of leaves, editing efficiencies were higher than

those reported in previous studies. Furthermore, to corroborate the T7Ei and restrictionprotection assays, the target sequence from both inoculated and systemic leaves were PGRcloned. Thirty of the resultant clones were then subjected to Sanger sequencing analysis.
The sequencing analyses confirmed the results of the T7EI and restriction-protection assays,
and demonstrated that modification ratios were high: indels were present in 17 clones

derived from inoculated leaves and in 9 clones from systemic leaves.
It is to be understood that the viral-mediated genome editing platform of the

disclosure is not to be limited to vectors derived from TRV; other RNA viruses (e.g., tobacco
mosaic virus and potato virus X) can also be used to deliver sgRNA molecules to various
plant species. For genome editing purposes, TRV is most advantageous as a vehicle for
sgRNA delivery to all plant parts, including meristems. The ability of the virus to infect
growing points can lead to modification of the germline cells and eventually to seeds with the

desired modifications, obviating the need for tissue cuiture and transformation in addition,
this system could be applied to transcriptional gene silencing by delivering sgRNAs that
target promoter regions into plants overexpressing a catalytically inactive Cas9
endonuclease.
Accordingly, the viral-mediated genome editing systems of the disclosure meet
several requirements for efficient and multiplexed editing: 1) TRV can systematically infect a
large number of plant species, both naturally and under laboratory conditions; 2) the virus is

easily introduced into plants via Agrobacterium and delivery into growing points of the plant;
3) the small genome size of TRV facilitates cloning, multiplexing, library constructions, and

agroinfections; and 4) the viral RNA genome does not integrate into plant genomes.

Table 2

Example 12
The coding sequences of CLCuKoV are targeted for cleavage by CR!SPR/Cas9 and

subsequently repaired by NHEJ: The use of the CRISPR/Cas9 system to confer interference
activities against monopartite plant DNA viruses was recently demonstrated (All et a/., (2015)

Genome Bio!. 16: 1-1 1). The utility of the CRISPR/Cas9 system to confer molecular
immunity against complex plant DNA viruses, i.e., viruses having partial or complete partite
genomes was also explored using the monopartite virus Cotton Leaf Curl Kokhran Virus
(CLCuKoV; AJ496286), which requires the helper betasatellite Cotton Leaf Curl Multan
Betasateilite (CLCuMB) for symptom development (Mansoor et al, Arch. Virol. 148, 19691986 (2003)).

To deliver sgRNAs specific to the coding regions of the genes encoding the coat
protein (CP) and the divalent cation coordination RC R domain of replication associated
protein (Rep) (Fig. 7A) of CLCuKov, the sgRNAs were delivered through Tobacco rattle virus
(TRV) RNA2 into Cas90E Nicotiana benthamiana plants. Next, the plants with an
established sgRNA-Cas9 complex were challenged via agro-infiltration with infectious clones
of CLCuKoV and CLCuMB. Total genomic DNA was next isolated from systemic leaves to
investigate whether CR!SPR/Cas9 could target and cleave the CLCuKoV genome and
whether the DSBs generated by the CRISPR/Cas9 system would be repaired via NHEJ.
The PGR amplicons encompassing the targets to T7 Endonuciease I (T7EI) were subjected
to mutation detection analysis, where denatured DNAs are re-natured, then cleaved with
T7EI, which degrades single-stranded regions of non-complementarity resulting from indels;
these regions are then detected by sequencing.
High rates of inde formation were detected at both ORFs (18-49% in CP and 35

45% in RCR ) of CLCuKov (Figs. 7B and 7D). Subsequently, the PGR amplicons were
cloned into the pJet2.1 cloning vector and subjected them to Sanger sequencing to identify
the nature of the modifications in the CLCuKoV genome. The results confirmed the
presence of indels and indicated that Cas9 activity was high and was followed by NHEJ
repair. All possible types of indels were observed (Figs. 7C and 7E).
To investigate whether CRISPR/Cas9 could target the well-conserved IR of CLCuKov
and whether cleavage results in the same rate of NHEJ repair, loss of a restriction enzyme
recognition site was assayed. The invariant 9-nt conserved sequence in the R contains a
recognition site for Sspl endonuciease and is located at the predicted Cas9 cleavage site, 3
bp upstream of the PAM sequence. The flanking 446-bp fragment encompassing the target

sequence was digested with Sspl. Complete Sspl digestion of the wild-type (WT) sequence
produced two fragments of 253 and 93 bp. Cas9 targeting and subsequent repair via
NHEJ was expected to eliminate the Sspl site within the conserved 9-nt sequence and thus

generate a 446 bp fragment of Sspi-resistant DNA. However, an Ssp/-resistant fragment
was not detected in an agarose-based gel assay (Fig. 7F). Previously, it was found that
multiple viruses can be targeted by a single sgRNA with an invariant sequence common to
ail geminiviruses (Gutierrez et al., EMBO J . 19, 792-799 (2000)).

Next, it was investigated whether CLCuKoV could be targeted by an invariant sgRNA.

Different sgRNAs specific to the Rs of monopartite BCTV and TYLCV or bipartite MeMV
against CLCuKoV were used. A restriction enzyme site loss assay did not reveal a
significant level of inde formation.
Example 13

CRISPR/Cas9-mediated, efficient targeting of coding and non-coding sequences of MeMV: it
was investigated whether the lack of NHEJ repair in the R after CRISPR/Cas9 targeting is
common in ail partial or full bipartite viruses. The bipartite virus MeMV with genomic parts
DNA-A and DNA-B were selected. sgRNA specific to the non-coding

into plants was

systemical!y delivered. The NB-Cas90E plants were subsequently challenged via agroinfection with MeMV DNA-A and DNA-B. At 15 days post infection (dpi), PGR ampiicons
encompassing the R target site were examined using the Sspl enzyme loss assay. The

Sspi resistance results confirmed that, in contrast to CLCuKoV, CRISPR/Cas9 cleaved the
stem loop sequence in the R of MeMV, which was subsequently repaired by NHEJ (Fig.
8A). Sanger sequencing revealed the identity of the indel modification. In contrast to

CLCuKoV, 13-19% of MeMV Rs were repaired by NHEJ, and ail normal types of indels
were produced (Fig. 8B). Notably, other types of modifications were also observed, albeit at
low frequency, including long deletions. Consistent with this, multiple variants of !R-sgRNA
targeted MeMV-A R sequences with varying efficiencies (12-30%). As MeMV DNA-B has
the same 20-nt sequence and can be targeted by the same sgRNA, the restriction site loss
assay confirmed that, like MeMV DNA-A, MeMV DNA-B is targeted and repaired through
NHEJ. Like the non-coding R , targeting of the ORF sequences CP and RCR i of MeMV

DNA-A produced high rates of indel formation (Figs. 8C and 8E). However, in contrast to
indels at the R , the CP and RCRII regions of MeMV-A are only short indels produced by
NHEJ. Long deletions at the targeted sites (Figs. 8D and 8F) were not seen.

Example 14

Variable NHEJ repair efficiencies of R sequences in different strains of TYLCV: n
geminiviruses, the highly conserved nonanucieotide sequence is flanked by a stretch of
short, complementary sequences, which form a stem-loop structure in the R (Fig. 9A). This

conserved structure is directly involved in virus replication as a site for Rep binding and nick
formation, and has putative bidirectional promoters. Also, Rs are strain-specific and interact
only with specific Rep proteins. The observation that the efficiency of CRiSPR/Cas9
targeting or subsequent NHEJ repair differs between CLCuKoV and MeMV prompted an
investigation as to whether this would be the case in different strains of TYLCV. Therefore,
the authentic TYLCV2.3-IR-sgRNA was used to target TYLCV2.3 and the TYLCSV-IRsgRNA to target TYLCSV. N . benthamiana plants overexpressing the CRISPR/Cas9

machinery were challenged with infectious clones of TYLCV2.3 and TYLCSV via agroinfection. At 15 dpi, the fragments encompassing the target sequences were PGR amplified
and subjected the PGR amplicons to an Sspl recognition site loss assay, which confirmed

that the TYLCSV genome targeted by CRISPR/Cas9 was not subsequently repaired via
NHEJ, i.e., detectable levels of indels (Fig. 9B) were not seen.

To exclude the possibility that the inability to detect any indels was due to a factor
other than the inability of the CRISPR/Cas9 machinery to target the viral genome and to
generate DSBs, the same machinery with the TYLCSV-sgRNA was used to target
TYLCV2.3 and detected indel formation. The Sspl recognition site loss assay confirmed
that, like TYLCV2.3-lRsgRNA, TYLCSV-I RsgRN A could target the TYLCV2.3 genome,

resulting in indel formation at the

site of TYLCV (Fig. 9C). Moreover, no indels were

detected after targeting TYLCSV R with invariant sgRNAs. However, in contrast to the
inability to detect indels at Rs of TYLCSV, higher frequencies of indel formation were
observed in the ORFs encoding CP and the RCR domain of Rep (71% for CP and 41% for
RCR ) (Fig. 9D). These indels were produced through normal NHEJ repair.

Example 15

CRiSPR/Cas9 targets the noncoding Rs ofCLCuKoV and TYLCSV: To investigate the
possibility that the CRISPR/Cas9 machinery targeted the CLCuKoV and TYLCSV genomes
but that these genomes were neither repaired nor proficient in replication, DNA blot analysis
was used to examine the total DNA from infected plants for the accumulation of CLCuKoV
and TYLCSV genomic DNA. The results confirmed that compared to control plants, plants

with the CRISPR/Cas9 machinery targeting the R sequence accumulated lower levels of the
CLCuKoV (Fig. 0A) and TYLCSV genomes (Fig. 10B).
The probe used to detect CLCuKoV also detected CLCuMB, but the amount of
CLCuMB did not decrease as much as did CLCuKoV, which is consistent with the
observation that the 20-nt target sequence in the IR (including the conserved
nonanucleofide) of CLCuMB is not followed by a PAM (NGG). Nonetheless, indels were not
detected in an agarose gel-based Sspl site loss assay. Sanger sequencing of CLCuKoV R ,
either targeted by its authentic IR-sgRNA or by an invariant !R-sgRNA, confirmed that
CRISPR/Cas9 targeted the R of the CLCuKoV genome, but the level of repair was
extremely low (3%). Furthermore, the presence of only long deletions and a lack of the
usual short indels was observed (Fig.

0C). Similarly, the results of sequencing indicated

that targeting CLCuKoV with an invariant sgRNA occurred at a similar, low level (3%), and
ail targeted regions had long deletions, like those generated by the authentic IR-sgRNA

against the CLCuKoV genome.

NHEJ repair of the coding regions of geminivirus genomes facilitates the generation of
protein variants and evasion of the CRISPR/Cas9 system: High rates of NHEJ repair (indels)
were observed in the genomes of different geminiviruses after targeting the protein coding
region or the non-coding regions ( Rs) of TYLCV2.3 and

e V . Investigated were: 1)

whether indels created at these sites might allow the virus to evade the CRISPR/Cas9
machinery and if these viral variants would be considered escapees and 2) whether these
escapees can replicate and produce a systemic infection. To address these questions, the
sap from infected, CRISPR/Cas9-targefed plants (CP and IR of TYLCV2.3) was rub-

inoculated onto leaves and directly injected into the leaf pedicels and stems of three-weekold W T N . benthamiana plants.

Samples were collected from the systemic top (young) leaves at 15 DAI. The
respective CP and R fragments were PCR amplified and subjected to T7EI and restriction
site loss assays to detect mutations. The results indicate that some of the CP sequences
repaired by NHEJ were capable of replication and systemic spreading in WT N

benthamiana (Fig. 11A and 11B). To confirm the T7EI and restriction site loss assay results,
Sanger sequencing was used to determine the identity of these indels. The results revealed
the presence of indels in the target sequences of the viral genomes, indicating that they
were escapee variants capable of replication (Fig. 1 C). By contrast, detect any indels
(escapees) in the IR samples were not seen.
To confirm that targeting a protein coding sequence of other geminiviruses could lead
to similar CRISPR/Cas9 escapees, experiments were performed using TYLCSV and
CLCuKoV. For TYLCSV, the same sap inoculation method used for TYLCV2.3 was
employed, but for CLCuKoV, a grafting method was used with scions from WT plants grafted
onto CRISPR/Cas9 CLCuKoV plants. Subsequently, total DNA was extracted at 2 1 dpi and
PCR ampiicons encompassing the target sequences were subjected to T7EI assays. The

T7EI results confirm the presence of the modified (CP) genomes in samples from both

CLCuKoV (Fig. 11D) and TYLCSV (Fig. 11E). The modified indels in the CP of CLCuKoV
were also confirmed by Sanger sequencing of the PCR-amplified fragments. Furthermore,
unlike the CP, a mutated R in either the T7E or restriction site loss assay was not seen.
Finally, it was investigated whether the rare genomic molecules with large deletions in
the R would be capable of replication or systemic spreading. These

molecules were not

detected in systemic leaves, indicating that they were unable to replicate or that they
replicated at levels too low to be detected.

CLAIMS
What is claimed:
1.

A genetically modified plant resistant to at least one pathogenic geminivirus species, said

plant comprising a heterologous CRISPR/Cas9 system and at least one heterologous
nucleotide sequence that is capable of hybridizing to a nucleotide sequence of the
pathogenic virus under stringent conditions, or to a complement thereof, and that directs
inactivation of the pathogenic virus species or plurality of viral species by the CRISPR/Cas9
system.

2 . The plant of claim 1 , wherein the at least one heterologous nucleotide sequence is

inserted into a chromosome of the plant, is an extrachromosomal element, or is inserted in a

vector.

3 . The plant of claim 1, wherein the pathogenic virus is of the geminiviridae.

4 . The plant of claim 3 , wherein the pathogenic virus is of the geminiviridae genus

Becurtovirus, Begomovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus or

Turncurtovirus.

5 . The plant of claim 4 , wherein the at least one pathogenic virus is selected from the group

consisting of: Beet Curly Top Iran virus, Spinach Severe Curly Top Virus, Bean Golden
Mosaic Virus, Beet Curly Top Virus, Eragrosiis curvu!a Streak Virus, Maize Streak Virus,
Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato Yellow Leaf Curl Virus
(TYLCV).

6 . The plant of claim 1 , wherein the plant is a tobacco plant or a tomato plant.

7 . The plant of claim 1 , wherein the at least one heterologous nucleotide sequence is

capable of hybridizing under stringent conditions to a nucleotide sequence of the pathogenic
virus, or to a complement thereof, and wherein the nucleotide sequence of the pathogenic

virus is an Infergenic Region (IR) or an Open Reading Frame (ORF) thereof.

8 . The plant of claim 7 , wherein the at least one heterologous nucleotide sequence is

capable of hybridizing under stringent conditions to a nucleotide sequence of an Intergenic
Region ( R) of the pathogenic virus, or to a complement thereof.

9 . The p an of any of claims 1-7, wherein the at eas one heterologous nucleotide

sequence is capable of hybridizing under stringent conditions to a nucleotide sequence of an
Intergenic Region ( R) of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a complement
thereof.

0 . The plant of claim 9 , wherein the at least one heterologous nucleotide sequence has the

nucleic acid sequence 5'-GGCCATCCGTATAATTAC-3' (SEQ D NO: 75).

11. A genetically modified plant according to any of claims 1-10.

12. A genetically modified tobacco plant or tomato plant resistant to at least one pathogenic

geminivirus species selected from the group consisting of: Beet Curly Top Iran Virus,
Spinach Severe Curly Top Virus, Bean Golden Mosaic Virus, Beet Curly Top Virus,

Eragrosiis curvu!a Streak Virus, Maize Streak Virus, Tomato Pseudo-Curly Top Virus, Turnip
Curly Top Virus, and Tomato Yellow Leaf Curl Virus (TYLCV), said plant comprising a
heterologous CRISPR/Cas9 system and at least one heterologous nucleotide sequence that
is capable of hybridizing to an Intergenic Region (

) nucleotide sequence of the pathogenic

virus under stringent conditions, or to a complement thereof, and that directs inactivation of
the pathogenic virus species or plurality of viral species by the CRISPR/Cas9 system,
wherein the at least one heterologous nucleotide sequence is inserted into a chromosome of
the plant, is an extrachromosomai element, or is inserted in a vector.

13. The plant of claim 12, wherein the at least one heterologous nucleotide sequence is

capable of hybridizing under stringent conditions to a nucleotide sequence of an intergenic
Region (IR) of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a complement thereof and
has the nucleic acid sequence 5'-GGCCATCCGTATAATTAC-3' (SEQ D NO: 75).

14. A method of generating a genetically modified plant resistant to a virus pathogen, the

method comprising the steps of:
(a) obtaining a plant susceptible to a pathogenic virus, wherein said plant is

genetically modified to express a heterologous CRISPR/Cas9 system; and
(b) genetically modifying said plant to have at least one heterologous nucleotide

sequence capable of hybridizing under stringent conditions to a nucleotide sequence
of a pathogenic geminivirus, or to a complement thereof, and wherein the at least
one heterologous nucleotide sequence can direct inactivation of the virus pathogen
by the CK!SPR/Cas9 system.

15. The method of claim 13 or 14, wherein step (b) comprises delivering the at least one

heterologous nucleotide sequence to a population of cells of the plant by transfection with
viral vector, by a mechanical method, or by genetically modifying an isolated plant cell and
generating the plant therefrom.

18. The method of any of claims 13-15, further comprising the step of cultivating the

genetically modified plant resistant to a virus pathogen to generate a population of said
plants, wherein said progeny are reproduced sexually or asexuaily.

17. The method of any of claims 13-16, wherein the pathogenic virus is of the geminiviridae.

8 . The method of claim 17, wherein the pathogenic virus is of the geminiviridae genus

Becurtovirus, Begomovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus or
Turncurtovirus

19. The method of claim

8 , wherein the pathogenic virus is selected from the group

consisting of: Beet Curly Top Iran virus, Spinach Severe Curly Top Virus, Bean Golden
Mosaic Virus, Beet Curly Top Virus, Eragrostis cusvula Streak Virus, Maize Streak Virus,
Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato Yellow Leaf Curl Virus
(TYLCV).

20. The method of claim 19, wherein the pathogenic virus is Tomato Yellow Leaf Curl Virus

(TYLCV).

2 1 . The method of claim 13, wherein the plant is a tobacco plant or a tomato plant.

22. The method of claim 13, wherein the heterologous nucleotide sequence is capable of

hybridizing under stringent conditions to a nucleotide sequence of an Intergenic Region ( R)
or an Open Reading Frame (ORF) of the pathogenic virus, or to a complement thereof.

23. The method of claim 14, wherein the heterologous nucleotide sequence is capable of

hybridizing under stringent conditions to a nucleotide sequence of an intergenic Region ( R)
of the pathogenic virus, or to a complement thereof.

24. The method of claim 4 , wherein the heterologous nucleotide sequence is capable of

hybridizing under stringent conditions to a nucleotide sequence of an Intergenic Region (IR)
of the Tomato Yellow Leaf Curl Virus (TYLCV), or to a complement thereof.

25. The method of claim 24, wherein the heterologous nucleotide sequence has the nucleic

acid sequence 5'-GGCCATCCGTATAATTAC-3' (SEQ D NO: 75).

26. A method of generating a genetically modified plant resistant to a virus pathogen

according to any of claims 13-25.

27. A method of generating a genetically modified plant resistant to a virus pathogen, the

method comprising the steps of:
(a) obtaining a plant susceptible to a pathogenic geminivirus of the geminiviridae

genus Becuriovirus, Begomovirus, Curtovirus, Eragrovirus, Masirevirus, Topocuvirus
or Turncuriovirus, and wherein said plant is genetically modified to express a

heterologous CK!SPR/Cas9 system;
(b) genetically modifying said plant to have at least one heterologous nucleotide

sequence capable of hybridizing under stringent conditions to a nucleotide sequence,
or to a complement thereof, of an Intergenic Region (IR) or an Open Reading Frame
(ORF) of the pathogenic virus, and wherein said at least one heterologous nucleotide

sequence can direct cleavage of the virus pathogen by the CRISPR/Cas9 system,
wherein step (b) comprises delivering the at least one heterologous nucleotide
sequence to a population of ceils of the plant by transfection with viral vector, by a
mechanical method, or by genetically modifying an isolated plant cell and generating
the plant therefrom; and
(c) cultivating the genetically modified plant resistant to a virus pathogen to generate

a population of progenies of said plants, wherein said progeny are reproduced
sexually or asexually.

28. The method of claim 27, wherein the pathogenic virus is selected from the group

consisting of: Beef Curly Top Iran virus, Spinach Severe Curly Top Virus, Bean Golden
Mosaic Virus, Beet Curly Top Virus, Eragrostis curvuia Streak Virus, Maize Streak Virus,
Tomato Pseudo-Curly Top Virus, Turnip Curly Top Virus, and Tomato Yellow Leaf Curl Virus
(TYLCV), and wherein the plant is a tobacco plant or a tomato plant.

29. The method of ciaim 28, wherein the pathogenic virus is Tomato Ye!iow Leaf Curl Virus

(TYLCV) and the heterologous nucleotide sequence is capable of hybridizing under stringent

conditions to a nucleotide sequence of an Infergenic Region ( ) of the Tomato Yellow Leaf
Curl Virus (TYLCV), or to a complement thereof

30. The method of claim 29, wherein the heterologous nucleotide sequence has the nucleic

acid sequence 5'~GGCCATCCGTATAATTAC-3' (SEQ ID NO: 75).
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