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PLANT-MEDIATED INSECT GENE EDITING AND USE OF THE
METHODS FOR INSECT GENETIC CONTROL

CROSS-REFERENCE TO RELATED APPLICATION

[0001]  This application claims prionity to U.S. Provisional Application No. 63/477,043,
filed Becember 23, 2022, the disclosare of which is hereby meorporated by reference in its

entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNBER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[6602] This mvention was made with Government support under DARPA  contract
DISACH0019 awarded by the U.S. Department of Defense. The Goveroment has certain

rights in the mvention.
BACKGROUND

10603} Although sap-feeding insects such as whiteflies are major pests of US and
mternational agniculiure, fow or no gencuic technigques have been applied to them as
mechamisms of control. However, chemical insecticides present nmumerous problems,
mehuding that they quickly select for inseets that have developed resistance to them, that they
are not target-specific and can ham beneficial insect species, and that they are toxic to
vertebrates. Biological control approaches are also problematic, as they can take many vyears
to develop, they often involve the introduction of non-native species, and they are usually not
target population-specific and so can threaten native populations of the pest species in regions

where the 1osect is not a pest.

{8604} For these reasons, genctic-based approaches, such as CRISPR/Cas® editing or RNA
mterference, for the control of sap-feeding insects are weently needed. However, the delivery
of the macromolecunlar components into organisms of such species s 2 lmuting factor in the
extension and effectivencss of this genetic technology. Currenily, the standard approach s to

directly inject the insect egg after it has been laid and attached to the plant; alternatively, the
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cgg can be removed from the plant, secured to a glass mucroscope shide, and mjected.
Typically, both approaches result in sigmificant mortabity to the egg, especially when the egg
ts small. Recently, an alternative technique bas been developed for a range of insect species
and apphied to one sap-feeding insect, the whitefly Bemisia rabaci. This method mjects the
editing macromolecules mto the ovaries of the mother and edited mutants are recovered at
low frequency {Heu et al. 2020}, This tochnology reguires the use of a carrier molecule
derived from the target species {the vitellogenin protein) to deliver the Cas9 machinery.
However, this technology has vet to generate gain-of-function mutations in any species. Also,
similar to egg (embryvo)} injections, there is significant mortality to the myected adult. Other
msect control methods have been deploved in transgenic plants, but these rely on expression
of compounds that are conswmed by insects via phloem-sap or bv maceration and
consumption of leaf tissue. While these methods can control feeding adults and their

mmmature stages, they do not impact the developing embryo.

[8003] There is therefore a need for widely applicable, efficient, economical, and lower
technology methods to deliver macromolecules such as those of the CRISPR/Cas machinery
mto the eggs of sap-fecding insccts. The present disclosure satistics this need and provides

other advantages as well.

BRIEF SUMMARY

{8606} In onc aspect, the present disclosure provides 3 method of mitroducing a
macromolecule tnto an ogg of a sap-feeding nsect, the method comprising providing a leaf of
a host plant upon which the egg s present, and introducing the macromolecule into the leafin

the proximity of the egg, wherein the egg comprises and/or i3 anchored by a pedicel and

wherein the macromolecule is transferred from the leaf into the cgg through the egg’s
pedicel.
{8607}  In some embodiments, the insect is a whitefly. In some embodiments, the species of

£ 1S present

the whitefly 18 Bemisia tabaci. In some embodiments, the leaf upon which the eg
is a rooted leaf disc. In some embodiments, the plant is & Brassica plant. In some
embodiments, the macromolecule is introduced into the leaf by in planta injection. In some
embodiments, the macromolecule is introduced into the lfeaf by vacuum infiltration. In some
embodiments, the macromolecule is a protein. In some embodiments, the protein is CasS. In

some embodiments, protein s subsequently detectable n the egg. In some embodiments, the
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miroduction of the macromolecule mto the leat resulis in a phenotypic change n a nyvmph or

adult developing from the egg.

[B008]  In some embodiments, the macromolecule 15 a nucleic acid. In some embodiments,
the nucleic acid is RNA In some embodiments, the RNA 1s selected from the group
counsisting of a guide RNA, double-stranded RNA (dsRNA), nuRNA, siRNA, and shRNA  In
some embodiments, the mtroduction of the RNA wmto the leaf results i an alteration m
expreasion of a target gene and/or a phenotypic change in a nymph or adalt developing from
the egg. In some envboduments, the target gene 15 a gone involved in an essential whitefly
crobryonic function. In certain cmbodiments, the cssential whitefly embrvonic function is
segmentation, neural development, organogenesis, or endocrine svstem function. Examples
of genes mnvolved in segmentation inclade, bat are not hmited to, fishi farazu and even-
skipped. Examples of genes involved 1 neural development and/or nervous system function
mchude, but are not houted to, scute and Nofch  Examples of genes ijovolved m
organogenesis include, but are not limtted to, 7imman and Pomsier. Examples of genes

mvolved in endocrine system function mchude, but are not limited to, Notch and Hey,

[B00%]  In some embodiments, the nucleic acid 13 DNA. In some embodiments, the DNA 1s
a plasmid. In some embodiments, the plasnud comprises a coding sequence for Cas® protein
and/or a guide RNA, operably linked to a promoter. In some embodiments, the plasmud
comprises a coding sequence for a dsRNA, miRNA, siRNA| or shRNA, operably linked to a
promoter. [t will be appreciated that, as used herein, “coding” or “encoding™ with respect to a
DNA molecule (e.g.. a DNA plasmid) can refer either to the transcription of the DNA giving
rise to an mRNA that is then translated mto a polvpeptide product {¢.g., Cas¥ protein), or the
transcription of the DNA to give rise, directly or mdirectly, to an RNA product such as
dsRNA, muRNA, siRNA, shRNA, cte. In some embodiments, the mtroduction of the DNA
mnto the feaf results in an alteration in exprossion of a target gene and/or a phenotypic change
1 a nymaph or aduli developing from the egg, and/or the detectable expression of a protein or
RNA encoded by the plasmid. In some embodiments, the target gene 15 a gene mvolved m an
essential whitefly embryonic function. In certain embodiments, the cssential whitefly
crobryonic function is segraentation, newral development, organogenesis, or endocrine svstem
function. Examples of genes involved in segmentation include, but are not limited to, fishi
trazy and even-skipped. Examples of genes involved in neoral development and/or nervous
system function nclude, but are not limited o, scute and Nofch Examples of genes involved

1 organogenesis include, but are not liited to, Tinmawm and Pannier. Examples of genes
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mvolved in endocrine system funchion include, but are not hmited to, Norch and Hey. In some
embodiments, the macromolecule 18 ntroduced inte the mnscet by genetically modifying the
host plant, such that the macromolecule is expressed 1o the host plant ieaf and transferred to
the egg through the pedicel. In some embodiments, the macromolecule 15 a Cas9 protein
andfor a gude RNA. In some combodiments, the macromolecule is an imhibitory RNA
molecule, ¢g., a molocule selected from the group consisting of dsRNA, miRNA, siRNA,

and shRNA.

{8618}  In another aspect, the present disclosure provides a method of manipulating the
genome of a sap-feeding insect, comprising providing a leaf of a host plant upor which an
egg of the insect 15 present and introducing a macromolecule mio the leaf in the proximity of
the egg, wherein the cgg comprises and/or 18 anchored by a pedicel, wherein the
macromolecuic s transferred from the leaf into the egg through the egg’s pedicel. wherein
the macromolecule is or encodes a component of a CRISPR-Cas system targeting a seguence
within the insect genome, and wherein the CRISPR-Cas system mtroduces a modification of

the 1nsect genome at or in proxumity to the targeted sequence.

{3811} In some embodiments, the macromolecule is a Cas9 protein and/or a guide RNA, or
a plasmid encoding a Cas9 protein and/or a guide RNA, wherein the guide RNA targets the
sequence within the insect genome. In some embodiments, the modification 15 a deletion,
msertion, or nucleotide substitution at the targeted sequence. In some embodiments, the
modification alters the expression of a gene in the sap-feeding insect. In some embodiments,
the gene 15 a gene involved im an essenmtial whitefly cmbryonic function. fn certain
cmbodiments, the cssential whitefly embryvonic function is segmentation, necural
development, organogenesis, or endocrine aystem function. Examples of genes imvolved in
segmentation include, but are not limited to, fushi toraze and even-skipped. Examples of
genes involved in neural development and/or nervous system function melude, but are not
fimuted to, scute and Norch, Examples of genes involved n organogenesis mehide, but are
not linuted to, Tinmar and Pompder.  Examples of genes mvolved in endocrine svstem

function include, but are not limited to, Neoich and Hey.

[B812]  In some embodiments, the modification results in a phenotypic change in 3 nyvmph
or adult developing from the egg. In some embodiments, the sap-feeding mnsect 19 a whitefly.
In some embodiments, the whitefly is Bemisia tabaci In some embodiments, the icaf is a

rooted leat disc. In some embodiments, the plant 15 a Brassica plant. In some embodiments,
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the macromolecule 13 mtroduced into the leaf by in plania mjection. In some embodiments,
the macromgolecule is introduced into the leaf by vacoum infiliration. In some embodiments,
the macromolecule is introduced nto the insect by genetically modifving the bost plant, such
that the macromolecule 15 expressed n the host plant leaf and transferred to the egg through

the pedicel.
BRIEF DESCRIPTION OF THE DRAWINGS

[B013] FIGS. 1A-1B. The plant-pedicel connection- a macromolecule superhighway. We
have developed two technologically smmple methods for indirectly  introducing
macromolecides (DNA, RNA and protemn) into hemipteran eggs. We have extensively tested
with Cas9 protein, white? gRNAs and plasmids that prodace a Cas%-mCherry fusion protein
or white2 gRNAs. FIG. 1A, Vacuum mfiltration of macromolecules. FIG. 1B, /n plana
mjection of macromolecules. Whitefly egg (embryo 1s within the eggshell; tan) and pedicel
are inserted mto the leafl Rooted leaf disc with the adaxial {upper} side in contact with the
phytoagar plate. Macromolecules (navy blue) are dehivered by infiltration or in plonia

mjection of the abaxial (lower) side of the leaf disc.

10014]  FIGS. 2A-2]. Swmomary of data supporting the plant-pedicel connection. FIG. 2A:
Vacoum-infilitation of sterile red dye and eGFP plasmid (3xP3:¢GFP) into leaf discs. Red
dyve and plasmid are taken up by the cgg pedicel, enter the embrvo, and the 3xP3.eGHF
plasmid was expressed as evidenced by cgg flucrescence. FIG. 2B In plonto injection of
phenol red indicates 1t is taken uwp by the embwve. FIG. 2C: /o plama wygection of
PUbA :mCherry plasmids. DNAgs were extracted from a pool of eggs and transformed into F.
cofi. PCR confirmed the presence of the plasmid in the 8 colonies chosen for analysis. FIG.
2B In plonia mjection of Cas9 protein and immunobiot analysis of protein extracts from
cges tndicates the miact CasY protein entered the embryo. F¥G. 2H: fn plaria mjoction of
exu.Cas9-T24-mCherry. Confocal microscopy of eggs after 72 hr indicates the plasmid is
transcribed and RNA translated as mCherry protein is visualized in embryos. FIG. 2F:
Vacuum mfiltration of exu: Cas9-724-mCherry. Confocal microscopy of cggs after 48 hr
mdicates the plasmid is transcnibed and RNA transiated as mCherry protem 1s visualized in
embrvos. This image was enhanced asimg the Red hot table in Image . FIG. 2G. Leaf disc
mjection scheme for Cas9 protein and gRNAs. FIG. 2H: Left eye and nght eve close ups and
wing defects in mutant are shown. Arcas of mosaicism in eyes are indicated by orange

arrows. FIG. 21 T7 endonuclease assay of mosaic (w2) and wild-tvpe whitetlies {lanes -7}
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showing the presence of a heteroduplex in the w2 mosaic. FIG. 21 whire gene sequences
from the w2 moesaie mutant showing CRISPR/Cas®-mediated deletions at the target site.

Mutant #18 (oot shown) has a 2-bp substitution and a 4-bp delstion.

[6615)  FIG. 3. Macromolecule delivery into plant celis revealed the plant cell-egg pedicel-

embryo corvnunication channel.

{8016 FIG. 4. Transgemc plant delivery of dsBNAs or Cas endomuclease and sgRNAs to
target whitefly genes. The target whitefly genes are essential for embryo development. By
silencing these genes with dsRNAs or inactivating these genes using CRISPR/Cas editing,

embryos cannot develop and eggs will not hatch and/or insects cannot develop mto adults.

00171 FIG. 5 The principle of hatrpin RNA (hpRNA) for whiteflv control (Strategy 1).
Using a strong constitutive promoter (355} or an epidermal cell-specific promoter (not
shown}, a hpRNA gene 18 transcribed within the plant nucleus. This RNA has sense and
antisense target sequences {dark blue arrows) that pair to form a hairpin-tike structure. The
pdk intron forms the loop of the hairpin (light blue). The hpRNA can be taken up directly or
via vesicles mto the whitefly pedicel; within the embryvo, the hpRNA can be processed to
form sRNAs for whitefly gene silencing. Altematively, the processing of hpRNAs can occur
within the plant cell and dehivered directly or via vesicles to the whutelly embryo. Within the
embryo the sRNAs will interfere with target gene RNA stability or translation. In this figure
as single hpRNA is illustrated. We will express four or more hpRNAs in cach transgenic

plant for Strategy 1.

[6618] FIG. 6. The hpRNA cagsettes for whitefly control. We will make eight hpRNA
chimeric genes that target essential whitefly embryonic functions such as segmentation {gap
genes), neural development, organogenesis, and endocrine systern. Four hpRNA constructs
will be expressed using strong constitutive or epidermal cell specific promoters. Cassette |
and Cassette 2 will use different essential whitefly genes. Transgenic plant 1 and transgenic
plant 2 can be crossed. Homozygous transgenic plants will express cight different hpRNA
genes for maxamum control. Different selectable markers will be used for cassetic 1 and 2.

Dhfferent plant promoters will be used to avoid transgene silencing.

10019]  FIG. 7. Transgenic plants expressing CasY and target gene sgRNAs to abolish

embryo viability,

6



WO 2024/137926 PCT/US2023/085330

[8628] FIG. & Engincering resistance to whitefhies with CRISPR/Cas9. Transgenic plants
expreasing multiple US:gRNA genes {see Strategy 1 in Example 5 for gene identitics) and
355 Cagb-cviosol {not shown) or 355:Cas9-Golgt will be made. These Cas9 proteins lack the
nuclear localization sequence (NLS). We postulate that Cas9 and gRNAs will be packaged in
vesicles within the epidermal cell and fused to the pedicel in the epidermal cell or within the
apoplast. Upon uptake mto the whitetly embrye, the Cas9 and gRNAs will edit the four or

more target genes, rendenng the embrvo mviable.
DETAILED DESCRIPTION

{8621}  The present disclosure is based on the surprising discovery that the pedicel of the
msect cgg, which anchors the egg to the surface of the leaf and serves as a conduit for the
transport of water to the cgg, can also transport macromolecules from the plant to the
developing insect embryvo within the eggshell. These macromolecules can be, ¢.g., DNA,
RNA or protein. The hercin-described methods based on this discovery can be used, for
example, to induectly introduce the protein and RNA components of CRISPR genetic
technology to the msect egg via the plant cell. Macromolecules can be mtroduced, ¢.g., by
mijection or by vacuum infiltration into the leaf in close proximity to a developing egg. Ongee
transported nto the insect egg through the pedicel, these components reach the embrye and
result, e.g., in targeted CRISPR/Cas9-mediated mutagenesis of the insect genome and

resulting changes in phenotype.

{0022} The present methods can also be used to 1ntroduce plasmud DNA mto the mnsect egg.
Unce within the embrvo, the genes located on the plasmids are tranascribed and translated to
produce, e.g., the proteins and RNAs required for CRISPR gesome editing. These
technologies provide a very simple and efficient platform for the genctic analysis of these
agriculturally imporiant insect pest species. The present methods can be used, ¢.g., to create
loss-of-function mutants i whiteflies using i plonfa injection or vacuum nfiltration delivery
methods for, e.g., {1) Cas?® protein and gRNAs, (2) plasmids expressing Cas® profein in the
crobryo plus gRNAs, or {3) plasmids that express both Cas9 protein and gRNAs in the
embrvo. The ability to deliver plasmids to the embryo via the plant:pedicel continuum also
provides a simple and effective way of making gam-of-function mutants via homology-

dirccted repair following CRISPR-mediated mutagenesis.

{8623} The present methods also provide new approaches for the control of msect pests of

plants that bave cmbrvos that imbibe water and other materials from leaves of their host
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plants. For example, the discovery of the power of the plant:pedicel continuum opens the
opportunity for engineering host plants to produce macromolecules in planfa for delivery to
the embrvo; macromolecules can be taken up by the embrvo that, e.g., interfere with cssential
msect functions, For exampie, a plant that produces Cas9 protein and gRNAs specific for the
msect pest could deliver these macromeolecules to the insect egg via exosomes. Their activity
within the embrvo could result in mutations in essential genes {g.g., genes nvolved n
cssential  whitetly embryvonic functions, such as scgmentation {gap genes), neural
development, organogenesis, and endocrine system function) and thereby kill the developimg
embryo before 1t can hatch as a sap-feeding nymph. This strategy is a powerful method of
msect control, as it can prevent insect predation, any damage to the plant, and pest insect

population expansion.

108624  An altemative and complementary strategy described hercin 1s to engincer the plant
1o produce double-stranded small-interfering RNAs that are taken up by the msect egg with
the same lethal or debilitating outcome for the msect pest. Preventing the rapid population
expansions that occur when pests infest agricultural or horticultural crops will mitigate the
need for the use of chemical insecticides and promote “green control methods” such as

biocontrol.

Befinitions
180251  As used herein, the following terms have the meanings ascribed o them unless

specified otherwise,

{8026} The terms “a,” “an.” or “the” as used heremn not only include aspects with one
member, but also include aspects with more than one member. For instance, the singular
forms “a,” “an,” and “the” include ploral referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a cell” includes a plurality of such cells and
reference to “the agent” meludes reference to one or more agents known to those skilled

the art, and so forth.

{8027]  The terms “about” and “approximately” as used herein shail gencrally mean an
acceptable degree of error for the quantity measured given the satare or precision of the
measurcments. Typically, exemplary degrees of error are within 28 percent (%), preferably
within 109%, and more preferably within 3% of a given value or range of values. Any
reference to “about X7 specifically mdicates at least the values X, 0.8X, 081X, (82X,

0.83X, 084X, 0.85X, 0.86X, 0.87X, 0.88X, 0.89X, 0.9X, 0.91X, 0.92X 093X, (0.94X
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0.95%, 096X, 097X, 0.98X, 0.99X, 101X, 1.02X, 1.03X, 1.04X, 1.05X, 106X, 107X,
108X, 109X, 11X, LX) 112X, LI3X, 114X, 15X, 116X, 117X, 118X, 1.19X, and
1.2X. Thus, “about X" 15 intended to teach and provide writicn description support for a

claim limutation of, e.g., “0.98X.”

10628} The “CRISPR-Cas” system refers to a class of bactenial svstems for defense against
foreign nucleic acids. CRISPR-Cas systems are found in a wide range of cubactenal and
archaeal oreamisms. CRISPR-Cas systems fall into two classes with sixc types, | H, HE 1V, V|
and Vi as well as many seb-types, with Class 1 including types | and {1 CRISPR systems,
and Class 2 mcluding types U, 1V, V and VI Class 1 subtvpes include subtypes I-A to 1-F,
for example. See, e g, Fonfara et al., Namre 532, 7600 {(2016); Jotsche et al., Cell 163, 759-
771 {2015y Adh et &, (2018). Endogenous CRISPR-Cas systems mnchude a CRISPR locus
containing repeat chusters separated by non-repeating spacer sequences that correspond fo
sequences from viruses and other mobile genctic clements, and Cas proteins that carry out
multiple functions including spacer acquisition, RNA processing from the CRISPR locus,
target identification, and ¢leavage. In class 1 systems these activities are mediated by
multiple Cas proteins, with Cas3 providing the endovnuclease activity, whereas m class 2

systerns thev are all carried out by a single Cas, Cas9.

100291  Endogenous systerns function with two RNAs transcribed from the CRISPR locus:
crRNA, which meludes the spacer sequences and which determines the target specificity of
the system, and the transactivating tracrRNA. Exogencus systems, however, can function
which a single chimeric guide RNA that mcorporates both the crRNA and tracrRNA
coraponents. In addition, modified systems have been developed with entirely or partially
catalvtically mactive Cas proteins that are still capable of, ¢.g., specifically binding to nucleic
acid targeis as directed by the gaide RNA, but which lack endonuclease activity entirely, or
which only cleave a single strand, and which are thus useful for, e.g.. nucleic acid labeling
purposes or for evhanced targeting specificity. Anv of these cndogenous or exogenous
CRISPR-Cas system, of any class, type, or subtype, or with any tvpe of modification, can be
ptitized i the present methods. In particolar, “Cas” proteins can be any member of the Cas
protein family, including, imfer afia, Cas3, Cas3, Cas6, Cas7, Cas8, Cas9, Casl, Casi2
(inchuding CaslZa, or Cpfl), Casl3, Ceel, Cse2, Csvl, Tsy2, Tsv3, GRUN054, Cam?2, Omr5,
Cox1i, Cox10, Tsfl, Tsn2, Casd, C2¢1, €2¢3, C2¢2, and others. In particular embodiments,

Cas proteins with endonuclease activity are used, e.g.. Cas3, Cas9, or Casi2a (Cpfl).
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{8638} The term “nucleic acid sequence encoding a polvpeptide” refers to a segment of
DNA, which m some embodiments may be a gene or a portion thereof, that is mvolved in
producing a polypeptide chaim (¢c.g., an RNA-guided nuclease such as CasY). A gene will
generally include regions preceding and following the coding region (57 and 37 flanking
regions and/or 57 and 3Tuntranslated regions) involved i the transeription/translation of the
gene product and the regulation of the franscription/translation. A gene can also include
mtervening sequences {introns) between mdividual coding segments {exons, which can also
mehude 57 and 37 untransiated regions, or UTRs). Leaders (87 flanking regions and/or UTRs),
tratiers (37 flanking regions and/or UTRs), and mtrons can include regolatory clements that
are necessary during the transcription and the translation of a gene {c.g., promoters,
termunators, translational regulatory sequences such as nbosome binding sties and mternal
ribosome entry sites, enhancers, silencers, insulators, boundary elements, replication origins,
matrix attachment sites and locus control regions, etc ). A “gene product” can refer to either

mENA or other KNA (¢ g. sgRNA)} or protein expressed from a particular gene,

{8031} The terms “cxpression” and “expressed” refer to the production of a transcriptional
and/or translational product, ¢.z., of a nucleic acid sequence encoding a protein {¢.2., a guide
RNA or RNA-guided nuclease). In some embodiments, the term refers to the production of &
transcriptional and/or translational product encoded by a gene {e.g., a gene encoding a
protein) or a portion thereof The level of expression of a DNA molecule in a cell may be
assessed on the basis of etther the amount of correspondmg mRNA that 1s present within the

cell or the amount of protein encoded by that DNA produced by the ccll.

{6832} The termy “recombmant” when used with reference, cg., to a polynucleotide,
protein, vector, or cell, indicates that the polynucleotide, protemn, vector, or cell has been
modified by the introduction of a heterologous nucleic acid or protein or the alteration of a
native nucleic acid or protein, or that the cell s derived from a cell so modified. For example,
recombinant polynucleotides contain nucleic acid sequences that arc vot found within the

native (non-recombinant) form of the polynucleotide.

{3833}  As used berein, the teoms “polynucleotide,” “nucleic acid,” and “nucleotide,” refer
to deoxyribonucleic acids {BNA) or ribonugcleic acids (RNA) and polvmers thereof. The term
mcludes, but 18 not himited to, single-, double-, or melti-stranded DNA or RNA, genomic
DNA, cDNA, and DNA-RNA hybrids, as well as other polymers comprising purine and/or

pyrimidine bases or other natural, chemically modified, biochemically modified, von-natural,

10
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synthetic, or derivatized nucleotide bases. Unless specifically limited, the ferm encompasses
nucleic acids contamung known analogs of natural nuclestides that have similar binding
propertics as the reference nucleic acid. Unless otherwise indicated, a particular nucleic acid
sequence also imphicitly encompasses conservatively modified varanis thereof {e.g,
degenerate codon substitutions), homologs, and complementary sequences as well as the
sequenee explicitly mndicated. Specifically, degenerate codon substitutions may be achieved
by senerating sequences i which the third position of one or more selected (or all} codons s
substituted with mixed-base and/or deoxymosine residues (Batzer ef al., Nucleic Acid Res.
19:3081 (1991); Ohtsuka ef al., J Biol. Chem. 260:2605-2608 (1983}); and Rossolint ef al.,
Mol Cell Probes 8:91-98 (1994}

[8634] The terms “vector” and “expression vector” refer {0 a nucleic acid construct, ¢.g.,
plasnud or viral vector, gencrated recombinantly or synthetically, with a senies of specified
nucleie acid elements that pemmit transeription of a particular mucleic acid sequence {e.g., a
guide RNA and/or RNA-guided nuclease) m a cell, e.g., an embryonic cell. In some
embodiments, a vector includes a polynucleotide to be transcribed, operably linked to a
promoter, ¢.g., a constitutive or inducible promoter. Other elerents that may be present in a
vector include those that enhance transcription {(e.g.. enhancers), those that ierminate
transcription {¢.g., terminators), those that confer certain binding affinity or antigenicity to a
protein {o.g., recombinant protein) produced from the vector, and those that ¢nable replication
of the vector and its packaging {¢.g., 1o a viral particle). In some embodiments, the vector s

a viral vector (1.¢., 3 viral genome or a portion thereot).

{0035]  The terms “polypeptide,” “peptide,” and “protein” are used interchangeably herein
to refer to a polvmer of amino acid remidues. All three terms apply to amino acid polyvmers in
which one or more amino acid residues are an artificial chemical nmimetic of a corresponding
naturally occumng aming acid, as well as to naturally occowrring aminoe acid polymers and
non-naturally occurring amino acid polvmers. As used herein, the terms encompass amino
acid chains of any length, including full-length proteins, wherem the amino acad residues are

hinked by covalent peptide bonds.

Insects and host plants
[8636] The present methods can be used with any insect species that lavs eggs on host plant
leaves and that extracts water from the leaf through a pedicel or analogous structure such as a

hvdropvic. In some embodiments, the jusect 18 a hemipteran. In some embodiments, the
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hemipicran is of the suborder Stemorthvncha. In particular embodiments, the maeet is a
whitefly, or member of the Aleyrodoidea superfamily. Any species within any of these taxa
can be used, including any whitefly species or specics complex, e.g., Alenrocanthus woglumi,
Aleyrodes proletelin, Bemisia tabaci, and Trialeurodes vaporariorum. The present disclosure
is based on the surprising discovery that, when such eggs are present on 8 leaf of a host plant,
with the pedicel of the cgg comtacting the leaf to obtain moisture for the embryo,
macromolecuies present 1o the leaf in the proxunity of the egg can be taken up through the
pedicel {or analogous structure} and reach the embrvo. The present methods can be used with
cges that have pedicels that contact the leaves throagh the stoma, as well as pedicels that

contact the leaves outside of the stoma.

16637}  Other mombers of the Alevrodidae fa.miiy that can be used mclude, but are not
fimited to: members of the following genera: Acanthobemisia (e g., Acanthobemisia distvlii
and Acanthobemisia indicus), Aleurotracheifus socialis, Apobemisia {e.g., Apobemisia celii
and Apobemisia kuwanai}, Asterobemisia {e.g., Asterobemisia atraphaxius, Asterobemisia
carpini, Asterobemisia curvaia, Asterobemisia dentaie, Asterobemisia laia, Asterobemisia
chenbergeri, Asterchemisia paveli, Asterobemisia  salicaria, Asterobemisia  silvatica,
Asterobemisia  tokahashii,  Astercbemisia  trifolii, and  Asterobemisia  vanagicola),
Bemisaleyrodes  {e.g., Bemisalevrodes  balachowskyi,  Bemisaleyrodes  bridelioe,
Bemisaleyrodes griebinei, and Bemisaleyrodes paulioniy, Bemisia {e.g., Bemisia tabaci
spocics complex {comprising 35 species), Hemisia afer, Bemisia alni, Bewmisia amenmata,
Bemisia bambusae, Bemisia berbericola, Bemisia capitate, Bemisia caudasculptura, Bemisia
centroamericana, Bemisia combreticula, Bewisia confise, and Bemisic cordvlinidis),
Remisiella (e.g.. Remisiella artemisice and Bemisiellia lespedezae), Heterobemisia {(e.g

Heferobemisia alba), Metabemisia {e.g., Metabemisia distylii, Metabemisia ﬁlz’czlsg and
Metabemisia palowanay, and Parabemisia {e.g., Parabemisia aceris, Parabemisia indica,
Parabemisia jowani, Parabemisia lushanensis, Parabenisia maculate, Parabemisia myricae,
Parabemisia myrmecophila), and Trialeurodes {e.g., Tricleurodes vaporarium, Trialeurcdes
viribalis, etc.).  Other sap-feeding mnsects mcluding members of other genera within
hemipicra, for example, aphids payllids, sharpshooters, and leafhoppers. These species
imchude the Glassy Winged Sharp Shooter (GWSS, Homalodisca coagulatay. Asian Citras
Pevilid (ACP, Diaporfnoring citvi Kuwavama), the potatoftomato psvilid (Bactericerca

cockerelli (Sule}), Bagrada bug, the beet leathopper (Circulifer teneflus), and any insect
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species m which the ¢gg i1s accessible and attached to the leaf surface through a pedicel or

analogons structure.

Introduction of macromolecules into Jeaves
[8638] The present methods can be used to indirectly mtroduce any macromolecule or
combination of macromolecules into a pedicel-containing egg present on a leaf of a bost
plant. In some embodiments, a “leat” as used herein refers to a rooted leaf disc, 1.¢., a portion
of a leaf that has been transferred to a phytoagar medium and allowed to grow roots. In some
embodiments, the macromolecule is a protein, ¢.g., a Cas® protein. In some embodiments, the
macromolecule 15 a nucleic acid, ez, a DNA vector encoding a protein and/or ENA
molecule, or an RNA molecule such as a guide RNA (e.g., sgRNA), or double-stranded RNA
(dsRNA). In some embodiments, a combmation of macromolecules is mtroduced, ¢.g., a
nbomucleoprotein (RNP) comprising a protein {o.g.. a CasY protein) complexed with a
CRISPR gmide RNA. In some embodunents, a combination of macromolecules in introduced
comprising a protein {¢.g., Casy protein), RNA {(e.g., sgRNA), and DNA (e.g., homologous
donor template for introducing gain of function mmtations i a target genc) In some
embodiments, the macromolecule 15 a DNA plasnud encoding one or more CRISPR clement,

e.g., Cas9 or a guide RNA.

{6639}  In some embodiments, a protemn and gRNA nux is used, ¢.g., in the form of an RNP.
For example, a CasY protein and gRNA mix can be prepared in water to a final concentration
of, e.g.. 200 ng/ul of CasY protein and 300 ng/ul gRNA, and the gRNA is loaded ono the
CasY wvuclease by incubating the mjection nux at, eg. 37 °C for 5 min. In some
crobodiments, a plasmid and gRNA wux is used. For example, plasmids encoding Cas® and a
gBNA are used, e.g., by adding 1 volume of IDTE buffer {e.g., 10 mM Tns, 0.1 mM EDTA)
to 1 volume of sterile water, with the Cas? plasmid present, e.g., at a concentration of 25
ng/pl and the gRNA present, e.g.. at a concentration of 300 ng/ul. b some cmbodiments. a
plasmid mix s used. For example, to 1 volume of sterile water, 1 volume of IDTE butfer 15
added with plasnmid DNA at a final concentration of 530 ng/ul; when multiple plasmids are

used, each plasmid DNA can have a final concentration of 25 ng/ul.

[8048] In some embodiments, an RNA sequence is used to suppress or silence gene
gxpression in an insect. For example, the ability to suppress gene function m a variety of
organisms using double-stranded {ds} RNA is well known, RNA1 {e.g, siRNA, miRNA})

appears 1o function by base-pairing to complementary RNA or DNA target sequences. When
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bound to RNA, the mhibitory RNA molecules trigger either RNA cleavage or translational

mhibition of the target sequence.

{80411 A short hawrpin RNA or small hairpin RNA (shRNA} 15 an artificial RNA molecule
with a hairpin tum that can be used to silence target gene expression vig the small interfering
RNA (siRNA) ¢t produced in celis. Expression of shRNA in cells can be accomphished, ez,
by debivery of plasmids. Once the vector has integrated into the host genome, the shRNA s
then transcribed in the nucleus typically by RNA polymerase 1 or RNA polvmerase HI. The
resufting pre-shRNA is exported from the nucleus and then processed by the Dhcer enzyme
and loaded mto the RNA~nduced silencing complex (RISC). The sense strand is degraded by
RISC and the antisense strand directs RISC 1o an mRNA that has a complementary sequence.
An AGO protein in the RISC then cleaves the mRNA, or in some ¢ases, represses translation
of the mRNA, thus, leading to ity destruction and an oventual reduction in the protein
cncoded by the mRNA. Thus, the shRNA Jeads to targeted gene silencing. shRNA 5 an
advantageous mediator of siRNA in that it has relatively low rate of degradation and

rmover.

[B042]  MicroRNAs (miRNAs) are noncoding RNAs of about 19 1o about 24 nucleotides in
length that are processed from longer precursor transcripts that form stable hairpin structures.
miRNAs base pair with complementary sequences within the mRNA transcript. As a result,
the mRNA transcript may be silenced by one or more of the mechanisms such as cleavage of
the mRNA strand, destabilization of the mRNA through shortening of its poly{A} tail, and
decrease translation efficiency of the mRNA transcript into proteins by ribosomes. In some
crobodiments, iRNAs resemble the siRNAs of the shENA pathway, except that miRNAs
derive from regions of RNA transcripts that fold back on themselves o form short hairpins,
which are also called pri-miRNA. Once transcnibed as pri-miBNA| the hairpins are cleaved
out of the primary transcript in the nucleus by an enzyme called Prosha in association with
the RNA binding protermn GRCSE. The hatrpins, or pre-odRNA, are then exported from the
nucleus mto the cviosol. In the cviosol, the foop of the hairpm is cleaved off by the Dhcer
enzyme. The resulting product is now a double-stranded RNA with overhangs at the 37 end,
which is then incorporated into RISC. Once in the RISC, the second strand is discarded and
the nuRNA that is now m the RISC s a mature ouRNA, which binds to mRNAs that have

complementary sequences.
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{8643} The macromolecules can be introduced into the leaves in any of multiple ways. In
one aspect, the macromolecules are introduced into the egg by in plania injection or by
vacuum infusion. For example, m particular embodiments, a rooted leaf disc is used, with the
adaxial side m comtact with the phyicagar plate, and the macromolecules dehivered by
mfiltration or in planfa injection of an abaxial side of the disc. Such methods are useful, e.g.,
for generating genctically modified insects, e.g.. for the genctic analysis of pest specics, €.,
by introducing genetic modifications, mneluding gam-of-function (c.g., using a homologous
template} or loss-of-function {e.g., using a homologous template or in the absence of a

template) mutations, and analyzing the resulting phenotypes.

{3344}  In some embodiments, Brassica leaf dises are used. Such discs can be used for
either in planta injection or vacuum nfiltration. They provide a small footprint rearing system
that allows macromolecule delivery and the development of whiteflies from ogg to adult. The
preparation of use of such discs 1s deseribed, e.g., in WO 2019/140010, the entite disclosure

of which 1s heremn incorporated by reference.

[0045]  In some embodiments, ieaf discs are prepared by excision from, ¢.z., 4-week old
Brassica plants, and are placed with thew abaxial side up on, e.g., phyvicagar media {c.g.,
Gamborg’s media with vitaming) with, ¢ g., 1 mg/L napthalene acetic acid (NAA}. The leaf-
disc plate may also be constructed using a sorghum leaf, a citrus leaf, a tomato Ieaf or an
cgeplant leaf The discs are then mcubated for, ¢.g., 3-9 days, and allowed to form roots.
Once roots have formed, the rooted discs are transferred to phytohormone-free media and

used for subsequent steps of the herein~-descnbed methods.

[8046]  In some applications, it may be useful to adjust the pH of the leat-disc plate system
depending on the tvpe of plant used and/or insect to be reared. in some embodiments, the pH
of the leaf-disc svsiem is at least about 5.0-3.2, 53-55, 5.6-38, 6.0-6.2, or 63-6.5 but no
greater than about pH 7.0. In some embodiments, the pH of the leafidisc system is af least

about pH 5.8 but no greater than about pH 7.0

{0047} In some embodimenis, the method can further compuse adding a surface
sterilization solotion to wash the disc leaf. In some cases, the sarface stenlization s applied
as a pretreatment. In some cases, the surface sterifization is applied durning the growing phase
of the leaf-disc. In somce embodiments, the surface sterlization may comprise an ethanol-
based solution. In some embodiments, the surface sterilization may comprise sodium

hypochlorite. In some cmbodiments, the surface sterilization may comprise cthanol and
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sodium hypochlonte. In some embodiments, the surface sterilization may comprise 70%

cthanol and 0.24% sodium hypochionte.

[B048]  In some embodiments, to prevent potential fungal growth, an antifungal agent that
does not mterfere with the growth and health of the whitefhies or leaf may be applied to the
leaf-disc plate. Examples of antifungal agents include, but are not limtted to: amphotericin B,
micanazole, benzimidazole, nipagin anidulafingin, caspofungin, micafungm, candicidin,
filipin, natamycin, nystatin miconazole, bifonazole, clotrimazole, econazole, ketoconazole,
and oxiconazole. The antifungal agent may be dissclved m an appropnate sclvent (e.g,

dimethyl sulfoxide (BMSO) or water) that 1s not toxic o cither the insects or the leaf-disc.

[8349]  Once the rooted leaf discs are obtamned, oviposition is allowed in order to obtain
cges on the dises for use n the prescnt methods. In some embodiments, adulis, ¢.g., 200-300
Bemisia tabaci adults are collected and then released onto a rooted leaf dise. Females are
allowed to oviposit, ¢.g., for 1 howur at 28 °C. Plates can be checked, eg., at 30 minutes and 1

hour after insect release, and oviposition can contimue until, ¢.g. about 50-80 eggs are

obtained per disc. The adulis are then removed from the discs and the eggs are allowed 1o

R

develop for, e.g., 3-6 hours. The eggs are then suitable for in plamfo injection or vacuum

wfiltration of macromolecule mixes as desenbed herein.

In planta injection

[8658]  In some embodiments, the macromoleceles are mntroduced mito the leaf disc by in
planta mjection. Any of the herein-described macromolecular mixes or any combinations
thereof can be mjected ncluding, but not hinuted to, protein (¢ g., Cas?), protein + RNA {¢.g.,
Cas® + gRNA}) RNA (eg., gRNA, dsRNA), DNA {cg., plasmid), BNA + RNA {eg,
plasmid encoding Cas® + gRNA}, protem + DNA (e.g., Cas9 + plasmid expressing gRNA(s)
and/or a gene of micrest), and others. For such methods, the mjection mix is prepared, ¢.g,. as
described elsewhere herein, and are injected using siliconized, beveled, quartz needles. In
some embodiments, the needle 13 backloaded with, eg.. 2 ul of injection mix, and then
brought into close proximity to the leaf and eggs. The leaf can then be myected under or
otherwise close to the pedicel, e.g.. at an angle of 30°-50°. Hach egg can be targeted, with the
leaf being ingecied near cach egg or, for multiple closelv located eggs, a larger area of the leaf
can be injected that targeted all of the clusiered eggs. Suceessful mjection can be determinegd

by observing the scaking of the leaf immediately around the site of injection.
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{8651} Omnce the leaves have been injected, the rooted discs are transferred together with
their agar to, ¢.g., 6-cm phytoagar plates. The injected discs can then be covered, e.g., with a
plastic lid with a mesh top, and then sealed with parafilm and place upside down in a 28 °C

meubator at, e.g., 60% RH and a 16:8 DN cvele.

10682}  Subsequently, eggs can be harvested, e.g., at 24, 48, or 72 hours post-injection, and
asseased for protem levels, e.g., by blot or fluorescence. Eggs can also be allowed to develop
to maturty on the dises, with the discs being removed and mspected regularly €e.g., daily}, to
control fungal growth on the agar substrate until eclosion. Nyvmphs and adelts can be scored,
¢.g., for phenotypic changes, and molecular and sequencing analysis {c.g., of the targeted

genomic region) usmyg standard technigues.

Yacuum infiliration

{8683} In some embodiments, macromolecules are introduced into the leaf disc by vacuum
mfiltration. Any of the hercin-deseribed macromolecules or macromolecular mixes can be
used {including those disclosed in paragraph {0041} In particular embodiments, plasnuds
{c.g., plasnuds encoding Cas9 and/or gRNAs), plasmids and RNA {cg., Cas%-cncoding
plasmid with gRNA), or protein and RNA {c.g., Cas9 with gRNA} are used. In some
embodiments, an infiltration mix 18 prepared as described heretn, and drops of the mix are
depostted onto the abaxial side of the disc comprising cggs (e.g., 8. fabaci eggs). For
example, 20 x 10 pl drops are deposited, with the drops spaced such that each of the eggs is

mn proximity o at least one of the drops.

10654]  The leaf disc plate can then be placed oun the shelf of a vacoum chamber, and once
the lid has been closed and the vacuum host connected, the vacuum can be applied for, e.g., 3
manutes. Onge the vacuum has been stopped and the chamber opened, e.g., as deseribed n
more detail 1 the Examples. the remaining drops of the macromolecule mix can be removed,
c.g., with a Gilson pipette. Rescued mix can be reused once, ez, for introduction of
macromolecules into new rooted leaf dises with deposited eggs.

16058}  Following vacuwm mfiltration, the rooted discs are transferred together with their
agar to, ¢.g., 6-cm phytoagar plates. The njected discs can then be covered, eg., with a
plastic id with a mesh top, and then scaled with parafibm and place upside down i g 28 °C

moubator at, e.g., 60% RH and a 16:8 DN cyele,
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[8656]  Subsequently, eggs can be harvested, e.g., 24, 48, or 72 hours post-injection, and

assessed for, e g, protemn levels {e.g., by blot or fluorescence). Eggs can also be assessed for

]

the presence of plasmid DNA, ¢.g., by extracting the DNA from the eggs using standard
methods, transformmyg and cultunng competent cells {e.g., IMI09 cellg), and analyzing the
DNA, eg., by PCR. Eggs can also be allowed to develop to maturity on the dises, with the
discs being removed and inspected regularly (e, daily), to control fungal growth on the agar
substraic uniil eclosion. Nymphs and adults can be scored, ¢.g., for phenotypic changes, and
molecular and sequencing analysis (e.g., of the targeted genomic region} using standard

techniques.

Transgenic plants

10657 In another aspect. the present disclosure provides methods of delivering
macromolecules to msect cggs by gencrating transgenic plants that produce macromolecuies
that are then transterred fo the egg through the pedicel, ¢.g., via exosomes. Such transgenic
plants can be generated, e.g., using conventional methods. For example, in some
embodiments, a plant that can be targeted by any of the hercin-described msects can be
modified such that it produces Cas9 protein and gRNA specific for the nsect pest, to allow
CRISPR-mediated genomic editing as descrnbed in more detail elsewhere herein. The
modified plant could therefore deliver the macromolecules to the insect cgg, eg., via
oxosomes. Once present in the embryo, the activity of the molecules could generate
mutations in essential genes {e.g., genes involved in essential whitefly embryonic functions,
such as segmentation {gap genes), neural development, organogenesis, and endocrine system

function), thereby killing the developing embryo before it can haich as a sap-feeding nymph.

[B638]  In some embodiments, a plant 13 enginecred to produce inhibitory RNA molecules,
e.g., double-stranded small-interfering RNAs, siRNA, miRNA| that can similarly be taken ap
by the nsect cgg and lead to lethal or debiluating outcomes for the rusect pest by altering
expression of targeted genes (e.g., genes involved in cssential whitefly embryomie functions,
such as segmentation {gap genes), neural development, organogenesis, and endocrine system

function) in the developing organism.

Genomic Modifications
{86591 o particular embodiments of the present methods, macromolecules comprising
clements of a CRISPR-Cas system are tiroduced udo the embryvo. Such systems can be used,

¢.g., to modify one or more farget genes n the genome of the msect (e.g., genes mvolved n
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casential whitefly embryonic functions, such as segmentation {gap genes), neural
development, organogenesis, and endocrine system function}. Examples of genes mvolved n
segmentation mnclude, but are not limited to, fishi farazu and even-skipped. Examples of
genes mvolved i neural development and/or nervous sysiem function melude, but are not
himited to, scute and Noreh, Examples of genes mmvolved in organogenesis mehude, buat are
not limited to, Yimmarn and Pannier.  Examples of genes involved m endocrine system
function mchide, but are not lumited to, Noirch and Hey. Other methods can also be used. ez,
transcniption activator-like effector nucleases {TALENs), zinc-finger nucleases (ZFNs), and
others. Any type of genetic modification can be performed, including msertions of one or
more sequences into the insect genome, deletions of one or more sequences in the insect
genome, replaccruent of one or more sequences in the fusect genome, and alteration of one or

more nucleotides m the insect genoms.

10068 1o particular embodiments of the disclosure, a CRISPR-Cas system is used, ez
Tyvpe T CRISPR-Cas system. The CRISPR-Cas system includes a guide RNA, e.g., sgRNA,

that targets the genomic sequence to be altered, and a nuclease that mteracts with the guide

C“)"

RNA and cleaves or binds to the targeted genomic sequence. The guide RNA can take any
form, ncluding as a single gude RNA, or sgRNA {c.g. a single RNA comprnsing both
crRNA and tracrRNA elements) or as scparate crRNA and tracrBNA cloments. Standard
methods can be used for the design of suitable guide RNAs, ¢.g., sgRNAs ¢ g as described
m Cui et al. (2018) Interdisc. Sci Comp. Lafe Sci. 10(2):455-465; Bauer ¢t al. (2018) Front.
Pharmacol: 12 Julv 2018, doi.org/10.3389/phar 2018.00749; Mohr et al. (2016) FERS I,

dolorg/10.1111/febs. 13777, the entire disclosures of which are herein incorporated by

[8661] Any CRISPR nuclease can be used in the present methods, imcluding, but not
fimited to, CasY, CasiZa/Upfl, or Cas3, and the nuclease can be from any source, e.g.

treptococeus pvogenes {e.g. SpCas9y, Swphyviccoccus qureus {(SaCas®), Streprococcus
thermophiles (StCas®), Neisseria meningitides {NmCas®), Francisella novicido (FnCas9),
and Campylobacter jejuni (CjCas9). The guide RNA and nuclease can be used in various
ways to effect genomic modifications in the msect embryo. For example, two guide RNAs
can be used that flank an undesired gene or genomic sequence, and cleavage of the two target
sites leads to the deletion of the gene or genomic sequence. In some embodiments, a guide
RNA targeting a gene or genomic sequenee of inderest is used, and the cleavage of the genc

or genomic scquence of interest and subsequent repair by the cell leads to an mserfion,
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deletion, or mutation of nucleotides at the site of cleavage. In some such embodiments, one or
more additional polynucicotides are introduced into the embryo together with the guwide RNA
and nuclease, e.z., a polvnucleotide comprising a sequence sharing homology to the targeted
genomic sequence, and the one or more addiional polvnucleotides can produce a deletion,
msertion, or alteration of the cleaved genomic sequence via homelogous recombination

(homology-directed repair).

8662} In particular embodiments, one or more polvauckeotides are introduced 1nto the
embryn encoding a guide RNA and encoding the RNA-guided nuclease, ¢.g., Cas%. For
example, a vector, ¢.g. a plasmid vector, encoding one or more guide RNAs and encoding an
RNA-guided nuclease is introduced nto the egg, wherein the one or more guide RNAgs and
the RNA-guided nuclease are expressed in the embryo. In some embodiments, one or more
guide RNAs are preassembled with RNA-guided nucleases as nibonucicoproteins {RNPg),

and the assembled ribonucieoproteins are introduced into the egg.

Kits
{3063} In another aspect, kits are provided herein. In some embodiments, the kit comprises
one or more clement for producing genctically modified insects according to the present
mvention. The kit can comprise, ¢.g., one or more elements described heremn for practicing
the present methods, including a leaf disc, a macromolecule mixture, a needle for mjection,
phytoagar plate or media, guide RNA, RNA-guided nuclease, a CRISPR-Cas RNP, culture

medium, transfection reagents, otc.

[8064] Kus of the present invention can be packaged in a way that allows for safe or
convenient storage or use {e.g., in a box or other container having a hd}. Typically, kits of the
present invention include one or more comtainers, cach container storing a particular kit
component such as a reagent, a leaf disc, and so on. The choice of container will depend on
the particular form of its contenis, e.g., a kit component that is in liguid form, powder form,
ctc. Furthermore, containers can be made of matenals that are designed to maximize the
shelf-life of the kit components. As a non-limiting example, kit components that are fight-

sensitive can be stored in containers that are opague.

{0665]  In some embodiments, the kit contains one or more containers or devices, ¢.g.
vacuum apparatus, injection needle, jars (o.g., 50 md Nalgene jars), flask, for practicing the
present methods. In vet other ernbodiments, the kit further comprises mstructions for use,

¢.g., containing directions {i.e.., protocols) for the practice of the methods of this invention
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{c.g., nstructions for using the kit for preparing leat discs, mitroducing macromolecules into
leaves, effecting genomic modifications on msect embryos, etc). While the iostructional
matenals typically comprise written or printed maternials, they are not limtted 1o such. Any
medium capable of storing such mstructions and commumicating them to an end user 18
contemplated by this tnvention. Such media include, but are not Hmited to electronic storage
media {e.g., magnetic discs, tapes, cartridges, chips), optical media {e.g.. CD ROM}, and the
like. Such media may include addresses to internet sites that provide such instructional

materials.

EXAMPLES
Example 1. Methods

A. Preparation of rooted Brassica leaf discs

{8666} Leaf disc technology 1s important for the success of these in planfa injection and
vacuum-infiltration technologies. It provides a small footprint rearing system that allows

macromolecule debivery and the development of whiteflies frony egg to adult.
[0067]  The steps involved 1 preparing the dises include:

1. leaf discs are excised from 4~week-old Brassica plants and placed with theur abaxial

side up on phytoagar media (Gamborg’s media with vitanunsg) with 1 mg/L NAA,
2. Leafdiscs are incubated for 5-9 days and allowed to form roots.

3. Rooted discs are transferred to phytohormone-free media and used once roofs are

established.
B. Gviposition on rooted leaf discs
[8068] Leaf discs containng eggs are prepared as follows:
L. Bemisia tabaci adults (200-300) are collected prior to experiment mitiation.
2. Whiteflies are relcased onto a rooted leaf dise.

3. Females are allowed to oviposit for 1 hr at 28°C. Plates are checked at 30 min and 1
hr after insect release. Approximately S6-80 eggs per disc should be present on a dise.

Waeeded, the oviposition period can be extended to meet this ege deasity.

4. The adults are removed and the eggs allowed to develop for 3-6 hr.
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5. In planta injection or vacuum infiliration 1s used to deliver macromolecule mixes to

the leaf dise. (sce below)

C. Macromolecule mixes

[0065]

Al plasmids used for this discovery are listed in Table I. Plasmids using the

Bemisia tabaci exuparentio {exu) and polvubiguitin (PUBA) promoters and 3 -untranslated

regions {37-UTRs) were constructed. Certain mixes were prepared as follows:

1. Protein and gRNA mixes. A Cas9® protein (PNBio} and gRNA (Synthego) mix 1s

prepared in water to a final concentration of 200 ng/ul for Cas9 protein and 360 ng/ul

sRNA {Synthego) The gRNA i3 loaded ono the Cas9 muclease by incubating the

mgection mix at 37°C for 5 min

aligquots. Initial experiments used a white gRNA (gRNA-w2).

Table 1. Plasmids used i the presont experiments

The mjection mix s stored at -80°C in 2.5-pd

. Funding
Plasmid name Purpose
Source
exu:Cas®-T2A- | Expression of the Cash and mCherry protemns in whitefly | DARPA,
mCherry.exu germline cells. BARD
U6-4gRNA-w2 | Production of the w2 gRNA in whitefly cells. DARPA
U6-4:2RNA-w2 | Production of the w2 gRNA 11 whitefly cells. DARPA
Expression of Cas9 protein constitutively and used in plasnud | DARPA,
PUbA mCherry .
rescue experiments BARD
PUbA:Cas- & o ,
Expression of the Cas® and mCherry proteins in whitefly cells
T2A- o DARPA
{constitutive}.
mCherrv: PUBA
CRISPaint- , ) » o
General promoter (3xF3) for expression of GFP i inseet cells | AddGene
3xP3.GFP
pU6-
Source of Cas9-T2A-mCherry for whitefly constructs above AddGene

(Bbsl) CBh-
CasS-T2A-
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mCherry
pCDFI- Source of vector backbone and the gRNA scaffold for the five
. ) AddGene
dUs: 1gRNA Bris: gRNA constructs above
2. Plasmid and gRNA mixes. To 1 volume of sternile water (Synthegeo or IDT), add 1

volume of IDTE buffer with a Cas?9 plasmid at a concentration of 25 ng/pd and 300

ng/pl gRNA.

Plasmid mixes. To 1 volume of stenile water (Synthego or IDT), add and T volume of
IDTE buffer with plasmid DNA at a final concentration of 30 ng/ul. If multiple

plasmids are used, each plasmid DNA has a final concentration of 23 ng/pl.

D, In plovia wmjections

[0076]

{as9 protein/gRNA, Cas9 plasnid/gRNA or Cas® and U6:gRNA plasnuds are used

1 the in planta wjections. Injections were performed as follows:

I

(3]

6.

)

Prepare mjection mix as above.

Siliconized, beveled, quartz needles are used for in planta injections of leaves and are
prepared using standard technigues.

The mjection needle 1s carefully backloaded with 2-4 ui of injection mix.

The needle s brought to be 1o close proximity to the leaf and B. fabaci cggs. The leaf
is injected under the pedicel or as close to the pedicel as possible at an angle of attack

between 30°-50°,

Proof of injection s casily obtamed by observing the soaking of the leaf mmediately
around the site of imjection. Several closely located eggs and their pedicels can be

above a soaked section of keaf following a single microinjection.
In plania wmject near every egg if possible, to allow an accurate assessment of egg
hatch and mutation frequency.

After delivery of the macromolecules, rooted discs with their agar are transterred to 6~

cm phytoagar plates.
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O

1.

13.

The mjected dise 18 covered with a plastic fed with a mesh top, sealed with parafilm
and placed upside down in a 28°C incubator at approximaiely 60% RH and a 16:8

3N eyvele.

If protein is to be analyzed by protein blot or flucrescence, 50-60 eggs are harvested

at 24, 48 or 72 h post injection,

Alternatively, insects develop to matanty on discs.

. Driscs are removed for inspection and curated daily (if needed) to control fungi growth

on the agar substrate until adults eclose.

. MNymphs and adults are scored for phenotypic changes.

Molecular and sequencing analysis of the w2 target region follows standard

technigues.

E. Vacoum infiltration of leaf discs

[0671]

Cas?9 plasmid with gRNAs or Cas¥ plasmids and U/6:gRNA plasmids are used n the

vacuum infiltration experiments. fofiltration of leaves with Cas© protein, while feasible, may

be too expensive to be practical.

6.

Prepare infiltration mix as deseribed above.

Deposit 20 x 10 ul drops using a P20 pipette onto the abaxial of the rooted leaf disc
contamning B. fabaci eggs. Space these drops across the leaf surface so that all eggs

arg in proximity to at least one drop of the macromolecule mix.

Place the leaf disc plate mto the shelf of a plastic vacuum chamber, place lid, and
connect the hose to the house vacuam. Tumn on the vacuum and gently open the valve

on the chamber. Pull the vacoum for 3 min.

Gradually tum off the valve.

Tumn off the house vacuum.

Gently disconnect the hose from the top of the chamber.

Slowly open the valve on the chamber to let air to gently biced back into the chamber.

Tum the valve off.
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9.

190

11

12.

18.

2{.

Reconnect the vacuum hose.
Tum the house vacuum on.
Gently open the valve on the chamber and leave for | min,

Gently turn off the valve.

. Tum off the house vacuum.

. Gently disconnect the hose from the top of the chamber.

. Slowly open the valve on the chamber (o let air to gently bieed back into the chamber.
. Remove all the remaining drops of the macromolecule muix with a Gilson pipette.

. Repeat the entire process (steps 1-16) using a new rooted leaf dise with ~3 to 8-hr-old

eggs and the macromolecule mix rescued o step 16,

After dehivery of the macromolecules, rooted discs with their agar are transferred to 6-

cm phytoagar plates.

. The injected disc is covered with a plastic led with a mesh top, scaled with parafilm

and placed upside down in a 28°C incubator at approximately 60% RH and a 168

DN cvele.

If protein is to be analyzed by protein blot or fluorescence, 50-60 oggs are harvested

at 24, 48 or 72 hr post injection.

. Alternatively, insects develop to maturity on discs.

. Dscs are removed for inspection and curated daily (if needed) to control fungi growth

on the agar substrate until adults eclose.

. Nymphs and adults are scored for phenotypic changes.

. Molecular and sequencing analysis of the gRNA target region follows standard

techmigues.

F. Plasmid rescue expenments demonstrate plasoid DNAs enter the embryo

(0072

The following method can be used to confirm the presence of plasmid DNA in the

embryo.
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1. Using a blunt dissecting pin, collect 30-60 egas {embrvos) from the leaf disc 72 hr

post mection.

Extraction of DNA from eggs using the manufacturer’s protocols for the (ragen

microDNA kit

I

53

3. Add 50 ng of DNA from step 2 to chemically competent IMI09 cells following

mangfacturer’s protocols (Zvmo).

4. Plate cells on ampicillin (100 pg/ml) LB-agar plates.

W

Pick cells from the center of a well-isolated colonies for colony PCR. Perform PCR

using primers spectfic to the plasoud.

Example 2. Benefits of the present methods.
0073} The im planta injections and vacuum wfiltration methods for delivery of
macromolecules inio the whiteflyv embryvo 1s based on the surprising discovery that
macromolecuies {plasmid DNA, protein and RNAS) can be taken up from the leaf and arc
active. This indirect delivery system has several advantages. We compare several parameters

in Table 2.

{8674} One advantage of the present methods is that there is hmited (f any) damage 1o the
crobryo, because macromelecules are delivered indirectly m the i plonfa tgection and
vacuum filtration methods. This is estimated from egg to adult survival rates, which are 45-

65% for the indirect methods and ~ 30-35% for embryo microinjection.

{8675} Another advantage s that there s hmuted damage to the leaf with vacuum
mfiltration. We have found that there s minor leaf damage afier some in planfa injections,

but eggs still mature to adults with high efficiency.

[8676]  Another advantage is that the present methods provide a significant time savings in
comparison to other methods. For example, it takes >1 hr to microinject 50 whitetly embryos.
In comtrast, ¢t takes less thar 30 min to do in plania ingections and only 13 wun for the

vacuum mfiliration method for 50 eggs.

{3877} An additional advantage 1s that the technological complexity of these three methods
dechines from embrvo micromnjections to in planfa injection to vacuam mfiliration. Highly

tramned personne! and equipment are needed for embryo microinjections. In contrast, vacuum

6
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mfiltration requires no needles and only a house vacuum. This method is inexpensive and

casy for anvong to perform,

Table 2. Leaf injection, leaf infiltration and embryo injection parameters

In planta o o
S Vacuum miiliration | Embrvo nucromjection
myection
Damage to insect o o
None None Significant
°8g
Minor, from )
Damage to leaf o None None
jection
Approx. 500
. ! K. 200 ul per
Vohume nl/injection Approx. 200y pe
& disc {for 30 eggs, | Approx. 0.1 nl/egg injection®
delivered 5 ul total {for 50 | _
reused onee)
eggs)
. ( 200 ng/d CasS
Concentrations S
of proten 200 ng/ul Cas9 protein 300
macromolecules | 300 ng/pl gRNA | 50 ng/ul plasmid ng/ut gRNA
injected OF 1< ng/pd 500 ng/ul plasmid DNA
5t I
mofiltrated . .
plasmid DNA
Time per disc® <30 min <13 min >1h
Plasmids i}
} Yes Yes Yes
dehivered
eRNA delivered | Yes Not tested ($$5) Yes
Protein delivered | Yes Not tested ($58) Yes

27
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ODN delivered® | TBD TBD Yes

Equipment Low tech | . L
o Vacuum chamber High tech mjection

needed njection

5

For delivery of ODNs {ohigonucleotides) to assess the frequency of homologous
recombination for the production of gam-of-function mutants, a concentration of 200 ng/ul is

used.

{8678}  An additional benefit 1¢ that the vacumumn infiltration method is also less expensive

because the infiltration macromolecule mix can be reused {once).

186791 To avoid the potentially high cost of infiliration of Cas? protein, plasmids encoding

Cas® can be delivered by infiltration are transcribed and their RNAs translated.

{8688}  Further, all three methods addressed in Table 2 have one advantage over the ovary
mjection methods reported by Heu et al (2020} In particular, all can deliver larger
oligonucleotides {ODNs) to facilitate generation of gam-of-function mutants by homologous

recombination.

16681}  In addition, the efficiencies of loss-of~function mutants using the in planda injection
method are higher. From our first two experniments, 20 msects were collected that had
developmental defects and eves with mosaic, sectored patterns. OfF these, two have been

confirmed as mutants by T7 endonuclease assays and DNA sequencing.

Example 3. Conclusions drawn from the above-described results
10682 Al experiments have been replicated several times, providing confidence o their

outcomes and our conclusions, which include:

{1} Uptake of colored food dve or phenol red by whitefly embrvos following in plania
mjection of the dve or vacuum infiltration of the dye nto leaves demonstrates that

there 1s transfer of molecules from the plant (o the nsect egg (sce, FIGS. 2A-2B).

{2} Plasmuds that arc miroduced wnto leaf discs by vig in plapfg injection or infiliration

enter B. fabaci embryos, as evidenced by plasmid rescue experiments (FIG. 2C).

3y Cas® protein that s introduced into leaf discs by i planra myjections move mio 8.
7 o .}

tabaci erobryos and can be detected by mmmunoblots (FIG. 2D).

2Y
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(4) Plasmids dehivered to the leaf disc by in plania mjection or infiltration enter the
whitefly embryo and are transcribed and translated to produce a Cas9-T2A-mCherry
fusion protein. mCherry fluorescence s detecied at 24 hr (not shown), 48 hrand 72 hr

post mjection or infiliration (FIGS. 2E-2F).

{5} Multiple CRISPR/CasY-edited B webaci have been recovered following in planta
mjection of Cas9 protein and the whife? gRNA into leaves. The insects have mosaic

eyes and severe developmental defects (FEGS. 2G-2H).

{5) Molecular evidence of editing in the whire mutants produced by /1 plarfa injections
was provided by T7 endonuclease assays and clonming and sequencing of the whire

gene region (FIGS. 28-24).

Example 4. Additional experiments
160831 Obtain CRISPR-mediated homology-directed repair knock-in mutagenesis of B
tabaci following in planic microtnjections of CasY protein, gRNA, and a long singie-stranded
oligonucleotide DNA {OGDN) molecules, which will 1ntroduce a gene that expresses mCherry
using the constitutive polvubiguitin promoter {Table 1) These gam-of-function mutants are
assessed by mCherry fluorescence and at the molecular level of gene cassetie insertion into

the whitefly genome.

{8684} Generate gain-of-function mutants uwsing the CRISPamnt, a non-homologous end
joining method of gene insertion. We introduce Cas?® protein. gRNAs and plasmid DNA

usng 7 plarta ingection of leaf dises.

{0085] Both the i plawnte injection technique and the vacwom infiltration are farther

optinized to deternine optimal concentrations of CasY protem, gRNA and plasnud BNAL

{8686]  As many insect ¢ggs have intimate contact with plant leaves and take up water from
plants, we believe that the present methods can be used to deliver macromolecules to these

other msect pests. We test using insects (hemipteran/orthopteran) that use pedicels or

hvdropyles for water homeostasis in their eggs

{8687} The plant-pedicel continuum is used 1o develop a new generation of insect-proof
crops. We generate transgenic plants that produce both CasY protem and gRNAs (or hairpin
dsEMNAs) in the epidermal cells of the feaf Without being bound to the following theory, we
belhieve that exosomes (small vesicles known to transport proteins and RNAs across plant cell

membranes} may deliver these macromolecules to the egg pedicel for transport into embryos.
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{6088] The gRNAs or dsRNAgs can be specific, e.g., to B fabaci target genes that are
easential for nymph development and can be designed to highly conserved regions of cach
gene, Creating a null mutant using CasY and gRNAs or down-regulating target genes using
dsRNA can significantly impair, and hikelyv prevent, whitefly nyvmph development. This is a
powerfid tool for control of msects as nymphs will not be produced and insect feeding

damage will be avoided. In addition, insect populations will not be able to expand.

Example 5.
{8689} The whitefly egg 5 secured to plant leaves via a small stalk called a pedicel, which
is known 1o transport water and small molecules {(inulin and acetate} nto the whielly
embryvo. We have shown that proteins, RNAs, DNAs, and dves injected or vacuum infiltrated
o the leaf by the base of the cge will be transferred from the plant via the egg pedicel nto
the whitefly cggs and its embryos. These RNAs, plasmid DNAs and proteins are biologically
active within the whitefly cgg. Most significantly, in planra mjection of Cas® and a gRNA to
the whife gene resulted recovery of a whitefly with mosaic eves and targeted editing of the

white gene {FI1G. 3).

[0098]  This plant cell-pedicel-insect embryo continuum provides us a novel and technically
simpie method for delivering macromolecules from the plant to the whitefly embrvo to allow
gene editing by CRISPR/Cas technologies or double~stranded RNA-mediated gene silencing.

MNew precise strategies for insect control can now be developed.

8691} We provide two strategies for the control of Bemisia tabaci (a whitefly) on host
plants (FIG. 4). These strategics can be extended for the control of any insect that has 1t eggs
m close contact with plant cells {leaves, roots, stems). We will construct transgenic plants
that express double-stranded RNAs (dsRNAg) (Strategy 1, FIGS. 5 and 6} or express a Cas
nuclease and sgRNAs (Strategy 2, FIGS. 7 and 8} that will slence or obliterate expression of
genes that are essential for whitefly embrvo  development, respectively.  These
macromolecules wili be transported from the transgenic plant cell through the egg’s pedicel
into the whitefly embryo where they are biologically active. By interfering with the
expression of cssential embrvomic genes, embryo development will be ferminated. This will
prevent nyvmph (mmature whiteflv) and aduli emergence and, thercfore, subseguent
population expansion. Without population expansion, the damage caused by whitefly feeding
{plant stunting due to photosynthate depletion, fungal growth due to honeydew deposition

and the vectoring of viruses) 1s curtalled. We will bave gencrated an important set of
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whitefly-proof plants. While adults in a population mught colonize these whitefly-proof

plants, 1t 18 a population dead-end.

{80921 To assure that there 15 a high level of embryo lethality, each transgenic plant
constructed for Strategy 1 or Strategy 2 will target multiple essential genes simaltancously
(FIGS. 6 and 8). This allows for functional redundancy and will asswre that fow, if any,
embryos hatch and develop into nymphs or adults. This stacked target gene approach will

enable tight control of inseet development and assure suecess.

Strategy 1: Deliver dsRNAs to essential whitefly genes to block embryo

development via the plant-pedicel continwum

10693]  When double-stranded RNAs (dsRNAs) are produced within eukaryatic cells, they
arc processed by the dicer machinery to produce small single-stranded RNAs (sRNAs); some
sRMAs bind to a target mRNA fo degrade or block translation of the target RNA. This
process is called RNA interference (RNA#Y. sRNAs regolate myriad cellular functions within
cukaryotic cells and the bidirectional trans-kingdom cxchange of dsRNAs between a plant
and fungal pathogen has been established. Multiple types of transgones have been used to

cause RNA: We use hairpin RNAgs (hpRNAs) as an example of this strategy.

10094} 1o Strategy 1, we make transgemc plants that express hpRNA constructs that
produce sRNAg that target essential whitefly embryomce genes (FIG. 53 hpRNAs or the
sBRNAgs made within the plant cell will be delivered to the embryo via the plant-pedicel
comtinuum. When sRNAs enter the embryo, they will sifence their target gene. When
hpRMNAg are transferred fo the insect egg, they will be processed by the insect’s dicer
machinery to produce sRNAs within the embryo, which will silence the target gene in

developing whitefly embryos.

{8695} For our target genes, we will first use highly conserved gap and pair-rule
developmental genes that are zygotically expressed and essential for imscct body-plan
development. Since Hemiptera are hemimetabolous insects and hatch with essentially the
entire adult body plan, we can also select conserved genes essential for the development of
the nervous system, other organs and the endocrine system. Using this functionally redundant
approach will ensure that msect embrvos will not develop or hatch on infested transgenic
plants expressig these hpRNAs. We have completed a study documenting gene expression
during five phases of whitefly embryonic development. This stady is enabling the choice of

genes {(IP protected) for thus strategy.

31



WO 2024/137926 PCT/US2023/085330

18096]  As the in vivo efficiency of silencing of cach hpRNA is difficult to predict, we will
express four or more hpRNAs that target essential whitefly embryonic genes in ecach
transgenic plant using strong constiutive or epidermal celi-specific plant promoters to make
cach hpRNA (FIG. 6). Une example 1s that each transgenic plant will express hpRNAs to
silence one gap, one neural, one organogenesis, and one endocrine system gene. The use of
four genes targeting very different but essential functions provides functional redundancy to
our controd strategy. One or more of the hpRNAs will sdence their targets. A second cassette
with four different gap, neural, organogenesis and endocnne function genes will also be
produced. Transgenic plants expressing cassette 1 and cassette 2 will be generated (FIG. 6);
these plants can be crossed to generate plant lines that express cight hpRNA genes to assure

cven tighter control of whitefly crabryvo development.

10697 Construction and characterization of transgenic lines: The hpRNA cassettes will be
placed 1o an Agrobacterium bmary vector between the right and left borders for integration
mto the plant genome. Each hpRNA construct will have a plant selectable marker. TO plants
with all four hpRNA genes will be identified using PCR and expression levels of each
bpRNA and sRNAs determained by gRT-PCR and RNA blots, respectively. We will identify
TO plants that harbor a single intact copy of the transgene cassetie to avoid gene silencing in
futare generations. Tl and T2 generation plants will be generated and characterized.
Transgenic plants expressing cassctie 1 and cassetic 2 will be gencrated (F1G. 6); these plants

will be crossed.

{8698} T2 homozygous lines (with cassetie 1, cassettc 2 or both cassettes) and wild-type
(W) control plants will be used to test the cfficiency of whitefly target gene siloncing n
whitefly infestation studies of Brassica leaf discs. Whitefly females will lay 50-100 eggs per
disc. We will follow egg development daily, as egg pigmentation reflects viability and
development. Eggs are uniformly cream color at the time of ogg deposition. Viable, maturing
cges become slightly brown with 1-2 days and eve spots become visible later in embryonic
development. Following the strategies described herein, eyes will not be detected and we will
see a high percentage of dead eggs, which will be wniformly deep brown. We wilf collect 100
cggs onday 1, 2, 3, 4 and 3 after oviposition on T2 or WT plants. RNAs will be extracted.
gRT-PCR will be performed to asscss the expression of the farget genes and presence of
hpRNAs m the whitefly egg. RNA blots or the SplintR ligase methods will be used to detect
plant sRNAs in embryos. As a resuli, target RNAs will not be detected {(or at lower levels),

hpRNAs and sRMNAs will be detected, and fow cmbryos will be viable.

(]
£
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{8699} ‘e will also determine the percentage of eggs that hatch, egg 1o adult survival and
aymph to adult survival in the T2 and WT plant leaf discs. We will ook for any phenotypic
abnormalities in developing nvmphs and adulis. Following the strategics descrnibed herein,
there will be a low % of cgg haich, few nymphs will develop and few adults will emerge on

the T2 discs relative to WT controls.

[0164] ‘e will confirm the results observed by the leaf disc method using mtact plants. We
will infest T2 or WT leaves with 100 whitefhes. After three days, adults and mesh bags will
be removed and the sumber of cggs deposited will be counted (~7350 per plant). We will
momitor plants daily beginning at day 15 for adult emergence. Most msects will emerge
synchronously over a 3-4 dav period. We will deternune the % egg to adult on the T2 planis
vs WT plants. We will look for any phenotypic abnormalitics in adults. Following the
strategics described herein, there will be a low % of egg hatch, fow nymphs will develop and

few adults will emerge on the T2 plants relative to WT controls.

Strategy 2: Engineering the plant to deliver the CRISPR/CasY machinery to the
whitefly embrye
{101} We will engincer whitefly host plants to deliver the components of CRISPR
technology to the whitefly embrye. Editing of cssential genes will immediately lead to the
death of the embryo prior to hatch. This approach 1s insect species-specific (and even target

pest population-~specific).

{8102} To deliver Cas® 1o the whitefly embryvo, we will express Cas9 in the cytosol and/or
Golgi to encourage mcorporation into vesicles for transport through the pedicel and into the
whitefly embryo (FIG. 8}, Cas® genes will be expressed using a strong constitutive promoter
{i.e., 358 promoter) or an epidermal-specific promoter. In the same T-DNA cassette, we will
place cight UG:isgRNA genes (F1G. 7). There will be two sgRNAs for cach target gene to
eunhance the probability of deletions and null mutations. These sgRNA genes will target the
exons of genes essential for embryonic development {see Strategy 1), When desired, the
seRNA sequences wil be designed to match exactly their target sites in the local insect pest
population (called private alleles); this will be useful when an invasive juscct is being
targeted and its native population needs to be retained. We will ensure that there are no target
sequenees for these sgRMNAs in the host plant genome. As in Strategy 1, we will ereate two
differcnt transgenc cassctics. We will compare the abiity of transgenic plants expressimg

cassette [, cassette 2 or both cassettes for their ability to block embrvo development.
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10103] Transgenic plants expressing 338:CasH-cvtosol {or 338: Cas%-Golgt) and eight
U6:gRNA genes specific to each whitefly target site gene will be constructed. Cas® protein
and the sgRNAs will be taken up by the egg through the pedicel pathway (FIG. 8). Once n
the embrvo, CasY and the sgRNAs will edit the four essential genes rendenng them
dvsfunctional. This will result m embryonic death before egg hatch. Since there are no cells
and nuclear membranes during the stages of mitosis before celivdar blastoderm, cviosolic

Casg® protein and sgRNAs will have full access to the whiteflv chromosomes for editing.

{8104} TO, T1, and T2 transgenic plants will be gencrated and characterized as described in
Strategy 1. We will also generate plants expressing only Cas9 or ounly the Ub gRNA genes;
these will serve as negative controls. We will characterize the expression of the four target
genes n developing embryos by gRT-PCR (see Strategy 1), We will assess the viability of
whitefly eggs on rooted leaf discs and sntact plants as descnbed in Strategy 1. We will also
determine egg hatch, cgg to nymph survival and egg to adult survival as described in Strategy

1.

[3105] Following the strategies described here, fow (i any) eggs will develop or hatch on
T2 plants; few (f any) nymphs will survival to adult hood. Given the functional redundancy
of the plants expressing cassetie T and cassette 2, plants expressing both cassettes may confer

the most powerful resistance to whiteflies. Hence, embrvo development will be abolished.

{8106} (e advantage of Strategies 1 and 2 1s that they do not require the generation or the
release of transgenic insects. Rather the gene editing 1o the field pest population is achieved
through the mnteraction of the nsect egg with the host plant through the pedicel. In a seuse,
the Cas9 protein and gRNAs achieve maximum exposure to the pest imsects through the
planting and growing of the transgenic plants. An additional benefit is that, 1n the case of a
spocies complex, as is the case with 8. fabaci, these approaches can simubtaneously target the
same gRNA sifes in many species within the complex. Another advantage 1s that the gRNAs
are designed to the target sequences n the local pest population. This belps to confine the
targeting to the geographical arca of concern and is important from a biccontainment
perspective. Finally, for both approaches, transgenic lines of crop plants can be generated in
anficipation of pest insect mvasion into a region and stored as seeds. Seed banks of cssential

crop species could be established for several mnvasive msect pest scenarios.
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WHAT IS CLAIMED IS:

I. A method of miroducing a macromolecule into an egg of a sap-feeding
msect, the method comprising providing a leaf of a host plant upon which the egg 15 present,
and introducing the macromolecule into the leat in the proximity of the egg, wherein the egg
comprises a pedicel and wherein the macromolecule 1s transterred from the leaf mto the egg

through the pedicel.

2. The method of claim 1, wherein the insect 18 a whitefly.

3 The method of claim 2, whercin the specics of the whitefly 18 Hemisia
fabaci,

4. The method of any one of claims 1 to 3, wherein the leaf upon which

the cgg 1s present 18 a rooted leaf disc.

5. The method of any one of claims 1 to 4, wherein the plant is a Brassica
plant.
6. The method of any one of claims 1 to 5, wherein the macromolecule 1s

mtroduced into the leaf by in planfa injection.

7. The method of any one of claims 1 1o 5, wherein the macromolecule is

mitroduced into the leaf by vacinim infiltration.

8. The method of any one of ¢laim 1 to 7, wherein the macromolecule is a
protein.

9. The method of ¢lainy 8, wherein the protein is Cas?.

16 The method of claim 8 or 9, wherein protein is subsequently detectable
i the egg.

1. The method of any one of claims 8 to 106, wherein the wtroduction of

the macromolecule mito the leaf results m a phenotypic change 1t a nymph or adult

developmg from the egg.

12, The method of any one of claims 1 to 7, wherein the macrorsolecule is

anucleic acid.
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13. The method of claim 12, wheren the nucleic acid 1s RNA.

14 The method of claim 13, wherein the RNA 1s selected from the group

counsisting of a guide RNA, double stranded RNA (dsRNA}, miRNA, siRNA and shRNA.

3. The method of claim 14, wherein the miroduction of the RNA into the
caf results in an alteration in expression of a target gene and/or a phenotypic change n a

nyvmph or adult developimg from the egg.

I6.  The method of claim 15, wherein the target gene 1s a gene mvolved in

an essential whitefly embryonic function.

I

3

The method of claim 16, wherein the essential whitefly embryvonic

function is segmentation, neural developmeng, organcgenesis, or endocrine system function.

1%, The method of claim 12, wherein the nucleic acid 1s DNA.
19 The method of claim 18, wherein the DNA 1s a plasmud.
20, The method of claim 19, wherein the plasmid comprises a coding

sequence for Cas? and/or a guide RNA| operably hoked to a promoter.

21, The method of claim 19 or 20, wherein the plasmid comprises a coding

sequenee for a dsENA, ouRNA, siRNA, or shRNA, operably linked to a promoter.

~

22. The method of any one of clapms 18 to 21, wherem the introduction of
the DNA imnto the leaf results in an alteration in expression of a target gene and/or a
phenotypic change i a nymph or adult developing from the egg, and/or the detectable

OO

expression of a protein or RNA encoded by the plasmid.

23, The method of claim 22, wherein the target gene is a gene mvolved in

an essential whitefly embryonic function.

24, The method of claim 23, wherem the cssential whitefly embrvonic

function is segmentation, neural development, organogenesis, or endocrine system function.
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23. The method of claim 1, wherein the macromolecule 18 introduced mio
the inscet by genetically modifving the host plant, such that the macromolecule s expressed

mn the host plant leaf and transferred to the egg through the pedicel.

26.  The method of claim 23, wherein the macromolecule 13 a Cas9 protein

and/or a guide RNA.

27, The method of claim 23, wherein the macromolecule 1s an inhibitory

RNA molecule selected from the group consisting of dsRNA, miRNA, siRNA, and shRNA.

28, A method of manipelating the genome of a sap-feeding insect,
comprising providing a leaf of a host plant upon which an cgg of the insect is present and
miroducing a macromelecule jnto the leat i the proximity of the cgg,

wherein the cgg comprises a pedicel,

wherein the macromoiecule is transferred from the leat into the egg through
the pedicel,

wherein the macromolecule i1s or encodes a component of a CRISPR-Cas
sysiem targeting a sequence within the nsect genome, and

wherein the CRISPR-Cas system introduces a modification of the nsect

genome at ot in proximity to the targeted sequence.

29. The mcthod of claim 28, wheremn the macromalecule 1s a CasY protein
and/or a guide RNA, or a plasmid encoding a Cas9 protemn and/or a guide RNA, wherem the

guide RNA targets the sequence within the insect genome,

30, The method of claim 28 or 29, wheremn the modification 18 a deletion,

msertion, or nuclectide substitution at the targeted sequence.

31 The method of any one of claims 28 to 30, wherein the modification

alters the expression of a gene in the sap-feeding insect.

(ol

2. The method of claim 31, wherein the gene is a gene involved in an

cssential whitefly cmbryonic function.

33 The method of claim 32, wherein the cesential whitefly embryonic

function 1s segmentation, veural developmenut, organogenesis, or endocnne systere function.

1}
L
N



WO 2024/137926 PCT/US2023/085330

34, The method of any one of claims 28 to 33, wherein the modification

results in a phenotypic change in a nymph or adult developing from the egg.

[N]

5. The method of any one of claims 28 to 34, wheremn the sap-feeding

msect 1s a whitefly.

36. The method of claim 35, wherein the whitefly 18 Bemisia tabaci.
37 The method of any one of claims 28 to 36, wherein the leaf is a rooted

feaf disc.

38. The method of any one of claims 28 to 37, wherein the plant is a

Brassica plant.

39 The method of any one of claims 28 to 38, wherein the macromolecule

1s itroduced wto the leaf by in plania injection.

40. The method of any one of claims 28 to 3%, whergin the macromaolecule

is introduced nto the leaf by vacuum infiltration.

41 The method of any one of clanus 28 to 36, wherecin the macromolecule
15 wiroduced o the msect by genetically modifving the host plant, such that the
macromolecule is expressed in the host plant leaf and transferred to the egg through the

pedicel.
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FIG. 1A

Infiltration into leave disc
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FIG. 1B

Injection into leaf disc
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FIG. 2A FIG. 2B
Vacuum infiltration In planta injection
Red dye and 3xP3:eGFP

FIG. 2C FIG. 2D
In planta injection In planta injection
plasmids Cas9 protein
S B
PUbA:mcherry controls = 'g' }’;
1 234567 8910 kDa = £

0 kDa (Cas9)
180-

135-
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FIG. 2E
In planta injection — confocal imaging
exu:Cas9-T2A-mCherry (72 hr)

mCherry Merge Trarllrmtted

Embryo#1

Embryo#2

FIG. 2F
Vacuum infiltration (48 hr)
exu:Cas9-

T2A-mCherry Buffer control
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FIG. 2G FIG. 2H

Rooted leaf disc w2 mosaic mutant

<

Egg deposition on discs

<

In planta injection of Cas9 protein
and white gRNA2

4

Whitefly development on leaf discs

<

Phenotype adults

<

Genotype the w2 mutant

FIG. 2l
w21 2 3 4 5 6 7

Cut site
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