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(57) Abstract: The present invention teaches methods and compositions useful for treating, preventing, or curing pathogen infections
of living plants. In particular, the present invention teaches methods of enhancing plant response to pathogen-associated molecular
patterns using RNA interference of plant genes. The methods and compositions described herein are effective at treating biotrophic
pathogens, including Liberibacters.
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METHODS AND COMPOSITIONS USING RNAL FOR PREVENTING OR
REDUCING INFECTIONS OF CROP PLANTS BY BIOTROPHIC PATHOGENS

GOVERNMENT SUPPORT
Thig invention was made with government support vader Cooperative Agreement 17-
8130-0640-CA and APISPPOS&TO0CI3T awarded by the United States Department of

Agriculture. The govermnment has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to, and the beonefits of United States
Provisional Patent Application No. 62/724,470, filed on August 29, 2018, which is

incorporated herein by reference in its entirety.

BESCRIPTION OF THE TEXT FILE SUBMITTED ELECTRONICALLY

The contents of the text file submitted clectronically herewith are incorporated berein
by reference in their entirety: A computer readable format copy of the Sequence Listing
(filename: INTE 016 TWO Seqlast 8125 xt, date created: August 28, 2019, file size = 18
kilobytes).

FIELD OF THE INVENTION
The present disclosure relates to methods and compositions for preventing,
chminating, reducing, or otherwise ameliorating infections and/or damage of crop plants by

biotrophic bacterial and fungal pathogens.

BACKGROUND OF THE INVENTION
All amimal and plant cells bave a highly regulated cell suicide program designed to
limit the damage done to one ccll or a group of cells from affecting the entire organism.

This 18 why cells die after radiation damage from sunbum, for example; otherwise, the
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radiation damage would result 1 mutations that might result i cancers, or m skin
tissue with greatly aged appearance and performance. This suicide program is tightly
controlled in all organisms, and it requires a combination of factors to come together to

trigger the cell death program. Once nitiated, it 1s irreversible.

Some pathogens have evolved mechanisms to avoid tniggering cell death programs,
thus circumventing an important plant defense. A solution for regaining control of cell death
defense mechanisms 1s needed to address the emergence and proliferation of and/or damages

caused by these pathogens.

SUMMARY OF THE INVENTION

The present disclosure teaches compositions and methods useful for protecting
plants against both intracellular and mtercellular bacterial and fungal attack, growth and

infection, comprising the sdencing of SSADH genes.

In some aspects, the present disclosure is drawn to a recombinant nucleic acid
molecule comprising a nucleic acid sequence comprising at least 15, 16, 17, 18, 19, 20, 21,
22,23, 24, or 25 contiguous nucleotides complementary to SEQ 1D NG: 1, SEQ 1D NG: 3,
SEQ ID NO: 6, SEQ ID NO: 7 or SEQ ID NO: 8. In some embodiments, the term
recombinant nucleie acid molecule is a synthetic molecule.  In some embodiments,
transcription of the nucleic acid molecule or the presence of the nucleic acid molecule

reduces expression of a succinic semialdehyde dehydrogenase (SSADH) gene in a plant cell.

In some embodiments, the recombimant nucleic acid molecule 1s a DNA molecule. In
some embodiments, the DNA molecule is an inverted repeat. In some embodiments, the
nverted repeat comprises a first fragment comprising at least 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, or 25 contiguous nucleotides of SEQ 1D NO: 1, SEQ 1D NO: 3, SEQ ID NG: 6, SEQ
IB NG 7 or SEQ D NG: 8, and a second fragment comprising at feast 15, 16, 17, 18, 19, 20,
21,22, 23, 24, or 25 contiguous nucleotides complementary to SEQ 1D NO: 1, SEQ 1D NO:
3, SEQ ID NO: 6, SEQ D NO: 7 or SEQ ID NG: 8, and a RNA molecule transcribed from
said DNA molecunle anncal to each other perfectly or partially.  In some embodiments, the
first fragment and the second tfragment is linked through a loop sequence, so a RNA molecule
transcribed from said DNA molecule form a hairpin dsRNA or a stem-loop dsRNA. In some

aspects, the recombinant nucleic acid molecule 13 operably linked to a GUS loop sequence or

2
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an intron sequence.

In some embodiments, the recombinant nucleic acid molecule s an DNA molecule,
and the recombinant nucleic acid molecule comprises to a promoier operably linked to the

contiguous nucleotides. In some embodiments, the promoter is a heterclogous promoter to the

(]

recombinant nucleic acid molecule. In some embodiments, the promoter is suitable for gene
cxpression in a bacterial species. In some embodiments, the promwoter is suitable for genc
expression i a plant species. In some embodiments, transcription of the nucleic acid

molecule reduces expression of an SSADH gene 1n a plant cell.

In some cmbodiments, the nucleic acid molecule 1 a DNA molecule, and
10 transcription of the nucleic acid molecule reduces expression of an SSADH gene in a plant
cell, a plant part, a plant, or a plant population. In some embodiments, the reduced expression
of an SSADH gene n the plant cell increases resistance to a pathogen in the plant cell, the
plant part, the plant, or the plant population. In some embodiments, transcription of the
nucleic acid sequence produces an interfering RNA molecule targeting the SSADH gene,
15 wheremn the interfering RNA is a double-stranded RNA or antisense ENA. In some
embodiments, one strand of the double-stranded RNA or the antisense RNA comprises at
least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25 contiguous nucleotides that are
complementary to SEQ ID NO: 1, SEQ ID NQO: 3, SEQ B NG: 6, SEQID NG Tor SEQ 1D

NO: 8.
26 In some embodiments, the nucleic acid molecule is 4 RNA molecule. In some
embodiments, the RNA molecule is an mterfering RNA molecule targeting the SSADH gene.
In some embodiments, the mierfering RNA is a double-stranded RNA, a siRNA, or an

antisense RNA. In some embodiments, one strand of the double-stranded RNA, the siRNA,

or the antisense RNA comprises at least 15, 16, 17, 18 19, 20, 21, 22, 23, 24 or 25

25 contiguous nucleotides that are complementary to SEQ 1D NO: 1, SEQ 1D NO: 3, SEQ ID
NO: 6, SEQ 1D NGO 7 or SEQ ID NO: 8. In some embodiments, presence of the RNA
molecule n a plant cell reduces expression of SSADH gene in the plant cell, or plant cells
within the same plant part, or same plant.

In some aspects, the present disclosure is drawn to a recombinant nucleic acid

30 molecule comprising a nucleic acid sequence comprising at least 15, 16, 17, 18, 19, 206, 21,

22, 23, 24, or 25 contiguous nucleotides of a nucleic acid sequence sharing at least 85%,

(5
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86%., 87%, 88%, 89%, 90%. 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or more
sequence identity with a sequence that is complementary to SEQ D NG: 1, SEQ 1D NG: 3,
SEQ D NO: 6, SEQID NO: 7or SEQ ID NO: 8,

In some aspects, the recombinant nucleic acid molecule is operably linked to a
movement leader sequence. In some aspects, the movement leader sequence comprises at

lcast 18 continuous nucleotides of SEQ 1D NO:3, or corresponding RNA sequence.

In some aspects, the present disclosure is drawn to a recombinant vector comprising
the recombinant nucleic acid molecule. In some aspects, the present disclosure is drawn to a
transgenic plant cell comprismg the recombinant nucleic acid molecule and/or the
recombinant vector. In some aspects, the present disclosure 1s drawn fo a transgenic plant
comprising the recombinant nucleic acid molecule and/or the recombinant vector. In some
aspects, the present disclosure is drawn to a transgenic plant part comprising the recontbinant
nucleic acid molecule and/or the recombinant vector. In some aspects, the present disclosure
i3 drawn to a transgenic seed comprising the recombinant nucleic acid molecule and/or the

recombinant vector. 12,

In some aspects, the present disclosure is drawn {o a plant comprising a nontransgenic
grafted scion, and a transgenic rootstock. In some aspects, the rootstock comprise a

recombinant nucleic acid molecule of the present disclosure.

In some aspects, the present disclosure is drawn to a composition comprising a
recombimant nucleic acid molecule of the present disclosure. In some embodiments, the
recombinant nucleic acid molecule 15 a DNA molecule. In some embodiments, the
recombinant nucleic acid molecule 1 an RNA molecule. In some embodiments, the
recombinant mucleic acid molecule is an RNA molecule, and the composition is for delivering
the RNA molecule into a plant. In some cntbodiments, the composition is for delivering the
RNA molecule mnto phioem cells of a plant. In some embodiments, the composition is in a
nanoemaulsion formulation. In some embodiments, the composition 15 for down-regulating a
SSADH gene v a plant cell In some embodiments, the composttion is for repressing,
preventing, or otherwise reducing a bacterial or fungal infection of a plant.

In some aspects, the present disclosure is drawn to a method of repressing, preventing,
or otherwise reducing a bacterial or fungal infection of a plant. In some aspects, the method

comprises expressing the recombinant nucleic acid and/or the vector in a plant, a cell thereof,
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or a part thersof. In some aspects, the plant cell 1s a citrus tree plant cell. In some aspects, the
infection is caused by a biotrophic plant pathogen. In some aspects, the infection is caused by
a Liberibacter. In some aspects, the ifection 1s caused by a citrus-infecting Liberibacter. In

some aspects, the mmfection 1s caused by Ca. Liberibacter asiaticus (Las).

s

(]

In some aspects, the present disclosure 1s drawn to a method of repressing, preventing,
or otherwise reducing a bacterial or fungal infection of a plant. In some aspects, the method
comprnises topical apphication, injection, or any known method of adounistering the nucleic
acid molecule to a plant. In some aspects, the topical application comprises a composition
that compriscs lecithin and/or gelatin. In some aspects, the composition that comprises the
16 lecithin and/or gelatim is an emulsion. In some aspects, the plant is a citrus tree. In some
aspects, the infection is caused by a biotrophic plant pathogen. In some aspects the mfection
ig caused by a Liberibacter. Inn some aspects, the infection is caused by a Ca. Liberibacter

asiaticus {Las).

In some aspects, the present disclosure is drawn o a method of identifving a

15 functional homolog equivalent to SEQ 1D NGO: 1 or SEQ 1D NGO:2 in other plant species.

The present disclosure relates to methods and compositions for preventing,
reducing, eliminating or otherwise ameliorating infections and/or damage of crop plants by
bacterial and fungal pathogens. The percentage reduction in pathogen infection and/or plant
damage for plants protected using the compositions and methods of the present invention 1s at

20 least 3%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 63%, 70%, 75%,

appropriate control or check plant grown under the same plant husbandry conditions. The
amount of pathogen infection and/or plant damage can be measured using methods well

known to those skilled in the art. Plant infection, e.g., can be measured as the percentage of

N2
L

necrotic tissue on the plants. Plant damage. ¢.g., can be measured as total vield of a specific
plant part {c.g., number or weight of seeds, number or weight of pods, plant weight, plant
height, number of weight of flowers, root mass measured in vohime or by weight, etc.). An
appropriate control or check plant is one in which the SSADH gene(s) have pot been
silenced as they are silenced in the test plant{s) according to the compositions and methods of

30 the present invention..

Specifically, the disclosure teaches use of ribonmucleic acid (RNA) interfercnce
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{(RNAI), double stranded RNA (dsRNA), and/or anti-sense RNA (aRNA or asRNA) for their
potential to increase the plant apoptotic response 1o pathogens by nereasing the Reactive Oxygen
Response levels to plant pathogens. More specifically, the disclosure teaches the gene
specific targeting of 5SADH homologs to control biotrophic pathogens, particularly, but not

5 limited to, those caused by Liberibacters.

In onc cmbodumnent, the specific target is the citrus succinate-semialdchvde
dehydrogenase mitochondrial isoform X1 homolog (S5SADH) of Citrus sinensis cultivar
Valencia (SEQ 1D NO: 1), In another embodiment, the SSADH homolog is from Clementing
tangernine, Cifrus X clementing.  In another embodiment, the grapefruit homolog is

16 wvtiized. In another embodiment, the Hamlin homolog of Cirus sinensis (sweet orange)

cultivar Hamlin 1s used.

In another embodiment, the specific target was from tomato, potato, tobacco, celery,

pear, apple, plur, cherry, olive, or Vids vinifera grapes.

In further embodiments, any segment, section or part of the full length sweet orange

15 genome SSADH mENA bomolog, GenBank XM 006493686.2 can be used, including both
the 5' and 3" untranslated regions {i.¢., not only the fragments currently deposited in GenBank).

For example, when comparing a 497 bp experimentally derived sequence from Hambin sweet
orange to the same 497 bp experimentally denived sequence from Carrizo rootstock, the
sequences were about 97% identical. When the same Hambin and Camzo sequences were

20 compared to the equivalent region of Valencia orange, they were about 98.2% and about

and 3

07.6% identical, respectively. Indeed, any SSADH homolog, inchiding the 3
untranslated regions found in any citrus host could be used by those skilled in the art for the
purpose of silencing the citras S5ADH gene, since it 13 well known that the untranslated

regions of mRNA can serve as excellent targets of siRNAs {(Beng et al 2012; Lai et al 2013).

N2
L

Thus in some cmbodiments, the polymerase chain reaction (PCR) cloming strategy as
described herein from Carrizo, Hambn, or Valencia or any other citrus source s usetul for
wdentification of a SSADH homolog useful for silencing of the SSADH genes in any citrus
host, including anv species of the genus citrus. Citros is a genus of flowenng trees and shrubs
in the me family, Rutaccac. Plants in the genus produce citrus  frusts, including
30 wmportant crops hike oranges, lemons, grapefruit, pomelo and limes.

Given the current and growing availability of genomic BNAs, multiple corresponding

SSADH genes can now readily be identified by those skilled in the art from virtually any plant

6
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source for which a DNA sequence is available using a PCR cloning strategy sinular to that
tanght here, including SSADH genes from citrus and other woody species such as Malus
domestica apple, Theobroma cacao cocoa, FPrunus persica peach, Popuius deltoides poplar,
Olea europaea olive, vines such as Vifis vinifera grape, and agronomic crop plants such as
Gossvpium hirsutum cotton, Glycine max sovbean, Arabidopsts, Solanum tuberosum potato,
Solonum lvcopersicum tomato, Nicotiana tobacco and many others. In further embodiments,
any segment, section or part of the full length genomic SSADH mRNA homologs from any of
these species can be used to silence the SSADH genes of varieties of that species, mcluding
both the 5 and 3' untranslated regions {i.e., not only the fragments carrently deposited in
GenBank).

The present invention also provides compositions and methods for the protection
and/or curing of plants from infections caused by biotrophic bacteria and fungi by
complete or partial (.., incomplete} suppression of SSADH homologs. In one embodiment,
the invention provides composttions and methods for the protection of citrus cells from
mfection by biotrophs. In some embodiments, the invention provides compositions and methods
for the protection and curing of phloem cells of citras, solanaccous, and other plants famihes
infected by various species of the bactenial pathogen genus Liberibacter. In some embodiments,
the mvention provides compositions and methads for the protection and curing of citrus phloem

from infection by Ca. Liberibacter asiaticus {Las).

The present invention also provides compositions and methods for the protection of
gratied scions that are nontransgenic by the use of rootstock for which one or more SSADH

genes have been silenced or attenuated using the methods of the present invention.

In a preferred embodiment, the present mvention provides compositions and methods
for the protection and curing of nontransgenic citrus trees that are infected by using a
polymicleotide spray, including, ¢.g.. via a double stranded RNA {(dsRNA) spray that can
transicntly suppress SSADH homolog expression. When applied as a dsRNA spray to plants,
the silencing effect on the target gene occurs within 2-3 days, and the effect lasts for 3-4
weeks (de Andrade & Hunter, 20163, The effect of dsRNA applications ts therefore transient.
In some embodiments, the present invention provides compositions and methods for the
protection and curing of citrus phloem cells from mfection by Liberibacters, including Las, or

citrus mesophyl cells attacked by X citri.

In some embodiments, the present invention teaches that dsRNA about 10, 15, 16, 17,
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18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000,
2100, 2200, 2300, 2400, or 2500 base pairs in length or as short fragments of about base
pairs n fength, can induce RNAI and suppress SSADH homolog expression in citrus when
applied as sprays or as soil drench from the cutside of the citrus plant. In some embodiments,
the RNA: can be induced not simply by application of dsRNA, but by any double stranded
polynucleotide, including synthetic polvmucleotides.  In some embodiments, antiscnse
polvnucleotides can be formed not simply from polynucleotides, but also from

phosphorodianmidate morpholino oligomers (PMQOs).

In some embodiments, the RMNA1 can travel across the graft union from transgenic
rootstock to nontransgenic scion, thus obviating the need for scion transformation as well as
reducing the regulatory burden attendant to marketing transgenic plants that may ched
transgenic polien and or marketing transgenic fruit. In addition, an RNA movement leader
can be used that confers the capacity fo move an antisense RNA (aRNA) or dsBRNA long
distances in plants, imnclading but not himited to across a graft union from transgenic rootstock
to nontransgenic scions. A potential movement leader scquence from Arabidopsis
thaliona, flowering locus T (FT) from nucleotide position 326 to sucleotide 429 in
GenBank: Q3954941 (SEQ 1D N{O: 5) can be transcriptionally fused in the sense
orientation at the 5 end of the dsRNA, and/or in the antisense orientation at the 3' end of the

synthetic dsRNA.

The present invention also provides silencing constructs based on phloem specific
gene expression that: 1) result in keeping the engineered silencing himited to phloem only,

and 2) allows spread from phloem to mesophyl and epidermal cells,

In some embodiments, the present ivention teaches compositions and methods
for delivering dsERNA into phloem cells using nanoemulsions that stabilize the
dsRNA, which is then effective in repressing, preventing or otherwise reducing bacterial
or fungal infections of a plant comprising expressing an antisense or RNA interference
construct based on a SSADH protein or nucleic acid sequence.

In some embodiments the present invention teaches methods of dentifying SSADH
family genes through the use of SSADH from citrus, Arabidopsis or any other source

and/or through usc of SEQ 1D NO: | or SEQ 1D NO: 3 or a protein or protein fragment
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encoded by an amino acid sequence having at least 709%, or at least 80%, or at least 90%, or
at least 93%, or at least 98% amino acid sequence similanty to the predicted peptide
scquence encoded by SEQ 1D NG: 2 or SEQ 1D NO: 4. In certain embodiments, the present
invention teaches an isolated nucleic acid molecule coding for at least 15, 16, 17, 18, 19,
5 020, 21, 22, 23, 24, or 25 contiguous bases patrs of homology to SSADH from citrus,
Arabidopsis or any other source, and/or SEQ 1D NO: 1, SEQ 1D NG: 3, 5EQ ID NG: 6, SEQ
D NO: 7 or SEQ DD NGO: 8 that can be used for controlling plant discascs. In other
embodiments, the methods and compositions of the present mvention can be used {o treat,

reduce, or climinate discase in citrus plants.

10 In some embodiments, the present invention teaches the complete or partial {i¢e.,
incomplete) down-regulation of a SSADH gene to treat diseases caused by biotrophic plant
pathogens. in some embodiments, the disease treated by the methods and compositions of the
present invention is caused by a Liberibacter. In some embodiments, the discase treated by the
methods and compositions of the present invention is caused by a Liberibacter infocting a

15 citrus plant.  In certain embodiments, the Libenbacter of the present invention is Ca.

Liberibacter asiaticus (Las).

In some embodiments, the present invention teaches that the isolated nucleic acid
molecules of the present mvention are operably-linked to a nucleic acid molecule coding for

an endoplasmic reticulum (ER) retention signal sequence.

20 In some embodiments, the present invention teaches that the isolated nucleic acid
molecules of the present invention are operably-linked to a nucleic acid molecule coding for
one or more cxpression controd clements. In some embodiments, the mucleic acids of the
present invention are expressed using a CaMV 358 or an AtSuc? promoter. In some

embodiments, the present invention teaches vectors for expressing the nucleic acids taught

N2
L

by the present invention.

In some embodiments the present invention teaches a host cell transformed to contain
the at least one of the nucleie acid molecules of the present invention. In cther embodiments,

the host cell of the present invention is a eukaryotic or prokarvotic host cell.
In some embodiments, the present provides methods of enhancing a plant’s immune
30 response to infoction, said method comprising complete or partial (i.c., incomplete) down-

regulating the expression of a SS5ADH gene wherein said plant has increased NDRI
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expression in response to “pathogen associated molecular patterns” (PAMPs) compared to
a control plant with unaltered SSADH genc expression.

In some embodiments, the present disclosure teaches the down-regulation of one or
more SSADH genes with at least 70%, or at least 80%, or at least 90%, or at feast 95%, or at

least 98% sequence wlentity to SEQ ID NG: 1, SEQ ID NG: 3, SEQ 1D NG 6, SEQ ID NG 7

(]

or SEQ 13 NO: 8. In some embodiments, the present invention teaches the use of antiscuse
RNA for down-regulating SSADH genes. In some embodiments, the present invention
teaches the use of RNAi for down-regulating SSADH genes. The RNAI can be achieved n
multiple ways. In some embodiments, the RNA1 s achieved by topical spray application of
10 dsRNAs ranging in size from about 200 to about 2,000 bp m length ("long dsRNAg"). In
some embodiments, the RNAi is achieved by topical spray applications of dsRNAs
predigested to about 15 to 30bp in size, also known as small interfering RNAs ("siRNAs"). In
some cmbodiments, the ENAi is achicved bv topical sprayv applications of dsRNAs
predigested to ca. 23 bp in size, also known as siRNAs. In some embodiments, the RNAi is
15 achieved by cither siRNAs or long dsRNAs applied by laser etching or mechanical penetration
of leaf and stem cuticle layers. In some embodiments, the RNA1 is achieved by cither siRNAg

or long dsRINAs applicd by root applications, by soil drench and/or by direct tronk injections.

In some embodiments, the methods of the present invention increase plant resistance
to at least one biotrophic pathogen. In certain embodiments, the biotrophic pathogens of the

20 present invention are Libenibacters.

In some embodiments, the present invention teaches a recombinant or fransgenic
plant, or part thereof, comprising a construct comprising a polvnucleotide capable of
triggering RNA mterference and down-regulating a SSADH gene with at least 70%, or at
least 80%, or at least 90%, or at least 95%, or at least 98% sequence identity to SEQ 1D NO:

1, SEQ 1D NO: 3, SEQ ID NO: 6, SEQ ID NG: 7 or SEQ ID NO: 8, wherein said

N2
L

recombinant plant exhibits enhanced response to PAMP tniggers. In other embodiments, the
present disclosure provides transgenic plant cells, transgenic seeds, and progeny plants, and
parts thereof, derived from transgenic plants, comprising a recombinant nucleic acid
construct comprising a nucleic acid molecule comprising at least 15, 16, 17, 18, 19, 20, 21,
30 22,23, 24, or 25 contiguous nucleotides from SEQ D NO: 1, SEQ 1D NO: 3, SEQ ID NG 6,
SEQ 1D NO: 7 or SEQ 1D NO: Zoperably linked 1o a heterclogous promoter, that when

transcribed reduces expression of a SSADH gene in a plantin some embodiments, the

10
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present invention tgaches a recombinant plant comprising 3 construct comprising a
polviucleotide capable of triggering RNAI and down-regulating a SSADH gene with 70%, or
at least 80%, or at least 90%, or at least 953%, or at least 98% scquence identity to SEQ 1D
NG: 1, SEQ ID NO: 3, SEQ ID NGO: 6, SEQ 1D NO: 7 or SEQ ID NO: 8 wherein said
recombinant plant exhibits enhanced resistance to Liberibacters and confers said resistance
long distances, including across the graft union to nontransgenic scions.n some
embodiments, the present invention teaches a topically applied spray formulation comprising
a polymucleotide capable of triggering RNA mterference in nontransgenic plants and down-
regulating a SSADH gene with at least 70%, or at least 80%, or at least 90%, or at least 95%,
or at least 98% sequence wentity to SEQ 1D NO: 1, SEQ 1D NQO: 3, SEQ ID NG: 6, SEQ ID
NGO 7 or SEQ 1D NO: 8, wherein sard spray formulation confers enhanced resistance 1o
Liberibacters and confers said resistance long distances in the plant In some embodiments,
the present invention teaches a topically apphied root application or soil drench formulation
comprising a polynucleotide capable of triggering RNAI in nontransgenic plants and down-
regulating a SSADH gene with at least 70%, or at least 80%, or at least 90%, or at least 95%,
or at least 98% sequence identity to SEQ ID NO: 1 or SEQ ID NO:3, wherein said spray
formulation confers enhanced resistance to Libenbacters and confers said resistance long
distances throughout the plantin other cmbodiments, the present invention tecaches a
grafted plant with recombinant rootstock and an untransformed scion.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. SSADH gene suppression in C. sinensis sweet orange cuot seedling assay
asing dsRNA from the SSADH mRNA sequence. Four inch cut seedlings of Cifrus sinensis
cv. Madam vinous were placed in an agueous solution containing cither 5 ng or 100 ng of
commercially prepared dsRNA (500 nt in length) designed from 5EQ ID NO. 1. gRT-PCR
was used to determing levels of expression of SSADH m all samples, using primers well
outside of the region of SSADH used for the RNA treatments. gRT-PCR levels were
normalized against 4 conirol seedhings (set at 100%), and relative expression levels of
SSADH using 4 plants of water controls and 4 plants each in both treatments fevels, SSADH
dsRNA moved long distances up the stem and into the leaves within 3 days, and was

cffective at 5 ng/ 4 inch stem (weighing 150 - 300 mg).

Figure 2. (o Liberibacter asiaticus {Las) infection is reduced in commercially

grown citrus after spray treatment using long (500 ut} SSADH dsRNA formulated into

i1
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nanoemalsion 224, An RNA-based, hive cell assay was performed n four vear old,
commercially grown grapeftuoif trees in a field trial. All trees were 100% infected with Las.
Control plants were mock sprayed with water. gRT-PCR was used as in Figwe 1 to
determine levels of expression of Las GroEL. Plant cox/ was used to nommalize expression.
5 GroEL gene expression 1s useful as an indicator of actively growing (live} Las cells, and this
Las gene expression was significantly (P < 0.05%) suppressed afier a single application of
SSADH dsRNA in formula 224 applied to ficld grown, conunercial grapefruits, one-month

post freatment.

Figure 3. Las gene expression {groki} live cell assay for long distance effect in C.

16 paradisi {grapefnut) after two SSADH dsRNA treatments applied by laser ctching v a
relatively narrow band on one side of the treated trees (5 year old, heavily Las-infected
grapefruits in a commercial grove). Treatments not sharing the same letier are significantly

different by Tuckey's.

Figure 4. Las gene expression {groll} live cell assay for long distance effect in C.

15 pradist {grapefruit) in three independent field experiments, after a single treatment with cither
SSADH (n two of the experiments) or a combination of SSADH plus BAGS dsRNA applied

by laser ctching m a relatively narrow band on one side of the treated trees (3 vear old,

heavily Las-infected grapefruits in a commercial grove),

Figure 5. SSADH dsRNA apphied by root uptake suppressed sweet orange SSADH
20 expression in leaves. SSADH expression in leaves over 2 a week period, after applving 20
meg, 200 mcg and 2 mg of SSADH dsRNA applied to rocts of sweet orange (Citrus sinensis,

cv. Madam Vinous) scedlings grown in growth chamber and moved to the greenhouse.

25  DETAILED DESCRIPTION OF THE INVENTION
ROS can trigger Apoptosis

Type I programmed cell death (PCD} or apoptosis, 13 a genetically programmed
and highly regulated cell death mechanism found in plant and amimal ccls that allows
damaged cclls to commit suicide. Apoptosis is critically tmportant for climunation of

30 damaged or mfected cells that could compromise the function of the whole organism,

pete

Typical triggers of apoptosis are environmental insults or stresses that can damage eclls or
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their DNA content. Reactive oxygen species (ROS), mcluding superoxide anions, hvdrogen
peroxide, nitric oxide and free hydroxide radicals are produced 1o response to stress, and
particularly stress causing ratfochondnal damage (Portt, er a/, 2011). ROS production per
se¢ s a first line of defense in animal and plant cells against biotic disease agents, such as
5  bacteria and fungt. ROS 13 also one of the major signals that can trigger apoptosis. In
addition to ROS production, stress also activates production of the protem “Bax™, and the
sphingohipid “cerenude”, and all three are direct proapopiotic messengers. These three
major proapoptic messengers can to act independently of one another, since increases in
the levels of any one of them (Bax, ROS, or ceramide) is sufficient to trigger apoptosis, but
10 most often, they appear to act in concert.Pathogeuns that benefit from plant cell death, such as
Phytopthora, Ralstonin, Pseudomonas and Xvella are necrotrophic in lhifestyie; that is,
they kil host cells in order to provide nuinents to sustain in planta population growth.
Such pathogens may do little to suppress apoptosis {type 1) or necrotic (type IH)

programmed cell death (Portt, er o/, 2011). Other pathogens, such as the obligate fungal

-
n

parasites (rusts and mildews) and some bacteria, such as Rhizobiwm, are biotrophic, and
must establish mntimate cell membrane to membrane contact using haustoria or infection

threads.
Programmed Cell Death for Controiling Infections

Liberibacters are the ultimate form of biotroph, living entircly within the living bost

20 cell and surrounded by host cell cvioplasm.  For biotrophs, host cell death would be
expected to severely limit growth in planfa.  Libertbacters, which must live entirely
within living phloem cells, would have no options if their phloem host cells simply
died. Biotrophic pathogens typically have multiple mechanisms available to suppress
apoptosis or necrotic programmed cell death. In the case of necrotrophic pathogens {(those

25 that rely on killing plant cells in order to feed on the contents), suppressing host cell death
results in denial of nutrients, and resistance is the result. Necrotrophic pathogens naturally

trigger PCD.

Candidatus Liberibacier 15 a genus of Gram-negative bacteria in the Rbizobiaceas
familv. Detection of Liberibacters is based on PCR amplification of their 165 rRNA gene
30 with specific primers. Members of the genus are plant pathogens mostly transmitted by

pevihids. The genus was originally spelled Liberobacter.
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Liberibaciers and Other Biotrophic Bacteria

Prototrophic pathogens rely on fully functional hiving cells to survive. For
example, all species and stramns of the genus Libenbacter live in plants entirely within
living plant phloem cells. The first Libenbacter species described was Candidatus
Liberibacter asiaticus {Las), the causal agent of Huanglongbing (HLB), commonly kaown
as citrus “grecning” discase. HLB is lethal to citrus and i1s one of the top threc most
damaging diseases of citrus. The second species described was found in Afnica, Ca. L.
africanus (Laf}, and the third, Ca. Libentbacter americanus (Lam) was found in Brazil. All
three cause HLB in citrus. Beside the three citrus Libenbacters associated with HLB, theee
non-citrus Liberibacter species have been described. Ca. L. solanacearum (Lso), has been
identified as the cavsal agent of sericus diseases of potato (“Zebra chip”), tomato (“psvilid
vellows™ and other solanaceous crops in the USA, Mexico, Guatemala, Honduras, and New
Zealand (Hansen, ef ol 2008; Abad, ef of., 2009; Liefting, er ol., 2009 Sccor, ef af., 2009),
More recently, a different haplotype of Lso was found mfecting carrots in Sweden, Norway,
Finland, Spain and the Canary Islands fAlfaro-Fernandez, ef /., 2012a, 2012b Munyancza,
et al, 2012a, 2012b; Nelson, er af, 2011} A fifth species of Liberbacter, Cao. L.
curopacus {Leu} was recently found in the psylhid Cacopsyviia pyri, the vector of pear
decline phytoplasma. Finally, a sixth species of Libenbacter, Liberibacter crescens {Ler),
was characterized after isolation from diseased mountain papava (Babaco). Except for Ler,
which 1s not known to be pathogenic, all other described Liberibacters are pathogenic
and must be injected into hiving plant cells by specific insects. Furthermore, the pathogenic
Liberibacters can only hive within specific msect and plant cells; as obligate parasites,

they do not have a free-living state - they are extreme biotrophs.

As an example of an ordinary biotroph, Xawnthomonas citri, which caases citrus
canker disease, invades the air spaces within a leaf and relies on mducing cell divisions in
living cells in order to rupture the leaf surface (Brunings and Gabmel, 2003). Obviously,
for biotrophs, host ccll death would be expected to severely hmit growth in planta
Liberibacters, which must live entirely within living phloem cells, would have no options if

their phioem host cells simply died.

14
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Liberibacier Mechanisms of Avoiding or Suppressing ROS and Programmed Cell
Beath

The genomes of Las and Lam differ (among other things) in that most Las

strains have 4 copies of perosidase (Zhang, ef o/, 2011), and most Lam strains have 2

(]

copies (Wulff, er o/, 2014). These are critical lysogenic conversion genes {conferring
ability to colonize a plant or insect). With both Las and Lam (and likely Lso}, these genes
are amplified i copy number on a plasmid prophage to increase ifranscript copy
number, and thercfore, protem levels (Zhang, e o/, 2011). Peroxidases degrade reactive
oxvgen specics (ROS), like hvdrogen peroxide. ROS production is one of the prunary
10 nsect and plant host defenses against microbes. Sinee Libertbacters colonize living phloem
cells and mudtiply within the plant cell cvtoplasm, the ability to degrade ROS 13 a critical
matter of survival o Libertbacter. In addition to the peroxidase genes, all pathogenic
Liberthacters encode two peroxiredoxins on their chromosomes. Une of the peroxiredoxins is
secreted, and not only degrades ROS, but also travels outside the bacteria to prevent
13 peroadative degradation of lipid membranes 1o planta, thereby preventing a chain reaction
peroxidation event and subsequent accumulation of antimicrobial oxylipins, that are not only

antimicrobial but which can also trigger PCD (Jain et al 201R).

Both peroxiredoxing and peroxidases actively suppress PCD, and since ROSs

are strong pro-apoptotic inducers of PCD, particularly under certain nutrient deficiencies,

20 the ability to absorb and degrade ROS is a matter of survival for bacteria that need to
keeptheir host cells alive. Since Libertbacters can occupy a significant volume of host

cell cytoplasm, the ability to absorb and degrade ROS appears to be critical to suppressing
citrus cell apoptosis. Lam causes a lot more discase than Las, but is always present in
significantly lower titer (Lopes, ef al, 2009). It is possible that the higher titer of Las 1s

25 allowed by the activity of four peroxidases and two peroxiredoxins, which in combination
with the higher titer allow a greater total absorption and inactivation of ROS, reducing

the ROS induced proapopiotic effect on the citrus cell.

Plant pathogens provide a series of molecular signals that are detected by the plant and can
trigger PCD. These signals, or “pathogen associated molecular patterns” (PAMPs) are
30 detected by planis as alien molecules and trigger strong defense responses called “innate
mmunity” in plants. Avoidance of triggering PCD by biotrophs involves eliminating by

gvolution over time, 1o the greatest possible extent, production of PAMPs,
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The genome sequences of both Las and Lam are highly reduced i size (both are

1.26 Mb)} as compared with their closest Rhizobium relatives {genome sizes > 6.4 Mb),
significantly, both Las and Lam appear to lack flagella, a known PAMP, although both
encode structural genes for flagellin. In addition, Lam lacks most of the genes needed to

5 make lipopolysaccharide (LPS), a particalarly potent PAMP and an important defensive

barrier molecule integral to the outer membrane of most Gram negative bacteria.

Plant Regulators of ROS production.

Spatiotemporal regulation of ROS generation and detoxification pathways is critical
n plants for mamtaining redox poise while preventing oxidation of cellular macromolecules

10 (Schieber and Chandel 2014). Failure to maintain redox poise triggers PCD. Owdative
damage is strongly exacerbated in cells by the production of gamma hydroxybutyrate (GHB)
{Gupta et al. 2003), an enzyme located in the nutochondna. The activity of GHB, along with
other mitochondrial enzymes that comprise the gamma aminobutyrate (GABA) shunt, is
drastically enhanced 1n plants by both biotic and abictic stresses, (Bouche et al, 2003, and

15 references thercin). One of these kev mitochondrial enzymes of the GABA shunt is succinic
senualdehyde dehvdrogenase (SSADH), which converts succinic semaldehyde to succinate.
In competition with the enzyme SSADH, succinic semialdchyde also gets converted to GHB
by the action of suceinic semialdehyde reductatse (Fait et al., 2005). In Awabidopsis, an
SSADH knockout mutation resulted in overproduction of GHB, and consequently

20 overproduction of ROS, necrotic lesions, dwarfism, and hypersensitivity 1o environmental
stress (Fait ot al. 2005, This invention is based in part on the mventors” discovery that
moderate and transient down regulation of expression of the citrus S5ADH
gene through the use of siRNA resulted m resistance to a biotrophic plant pathogen, without
necrosis or dwarfism in the treated plants that would be expected from a fully mntated or

25 nonfunctional SS5ADH gene.

In some embodiments, the present mvention teaches that the down-regulation of

SSADH in plants leads to increased plant resistance to pathogens. In some embodiments,

the present disclosure teaches the down-regulation of the citrus SSADH gene leads to
increased resistance to biotrophic pathogens. In other embodiments, the disclosure teaches

30 down-regulation of the SSADH gene lcads to mmereased resistance to citrus greening disease
caused by Las, Lam, and Laf. By extension, the disclosure teaches down-regulation of the

SSADH gene of any specific crop plant leads to increased resistance to biotrophic pathogeas,

16
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and specifically, Libenibacters that may infect them.

in some cmbodiments, the present disclosure teaches the down-regulation of the
sweet orange SSADH gene (SEQ ID NG: 1), In some embodiments, the present

nvention teaches adequte methods to achieve the transient and effective down regulation of

(]

the citrus SSADH in any citrus variety. In some embodiments, the present invention teaches

the transient and effective down regulation of the SSADH enzyme in any plant species.

it has not been anticipated, expected, nor suggested in any plant system that

transient sidencing of an SSADH gene, which results in suppressing production of the

corresponding SSADH enzyme, could increase levels of expression of downstream defense

10 response protems in response to pathogen presence and be protective against pathogen
infection or the effects of pathogen infections,

The disclosure here that silencing of SSADH n citrus enhances production of

defense responses and 18 protective from the effects of biotrophic pathogen infection is

therefore a surprising discovery.

13 For gene silencing purposes, both antisense RNA or RNAIL may be used instead to
activate the RNAI pathway, although the processes result in differing magnitudes of the

same downstream effects.
(ther Plant Regalators of Programmed Cell Death

Anti-apoptosis proteins have distinct and often specific anti-apoptotic effects

o
<

when expressed 1 transgenic plants. Overexpression of many of the genes encoding these
anti-apoptotic factors, including genes encoding a wvariety of chaperones, heat shock
proteins and ROS scavengers, such as superoxide dismutase and peroxidases, can prevent

apoptosis and are therefore cvioprotective from the effects of biotic and abiotic stresses.

The Bel-2 family is a well-characterized group of “core” anti-apopiotic regulators with

25 strong genecral cffects; these proteins inhibit production of Bax, and wuthout affecting
production of ROS5.  The Bel-2 proteins, if overexpressed, broadly inhibit apoptosis in
plants caused by both biotic and abiotic stresses.  For example, expression of antiapoptotic
genes bel-xi. {derived from chickens) and ced-9 {(derived from Caenorhabditis elegans)
blocked apoptosis in tomato and enhanced tolerance to viral mduced necrosis and abiotic

30 stress (Xu, ef /., 2004).  Similarly, expression of antiapoptotic genes hel-2 {derived from

17
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humans), and op-iap {derived from baculovirus) blocked apoptosis in tobacco and conferred
resistance to several necrotrophic fungal pathogens (Dickman, ef of, 2001). No plant

homologs of Bel-2 have been identified to date.

There are also reports of an anti-apoptotic role for basic, but not acidig,
pathogenesis related (PR} proteins, and many of these affect both biotic and abiotic stress
mduced responses.  For example, a basic PR~ protem from pepper, when overexpressed in
fransgenic tobacco, was shown to enhance heavy metal tolerance and to provide
significantly higher resistance against Phyfopthora, Ralstonia  solanacearum  and
Pseudomonas syringae (Sarowar, ef al., 2005}, In all cases, necrosis in the abiotically- or
biotically-stressed  transgemic lines was greatly reduced compared to control limes.
Clearly, the necrosis elicited by these pathogens is not a direct effect of pathogenic enzymes,
but an indirect ¢ffect that triggers PCD that results in necrosis. Similarly, a basic PR-1
protein from grape, when overexpressed in trapsgenic tobacco, was shown to provide
significantly reduced disease lesions in chalienge mmoculations with P. syringae (Zhijian, et
al., 2010}, Gilchrist and Lincoln (2011} reported that a grape PR-1 protein, when expressed
in several transgenic host species, would suppress apoptosis, and in so doing, provide greatly
tmproved tolerance to Xylella fastidiosa by blocking symptom nduction, which in turn leads
to a major reduction in total bacterial growth i plania. It should be noted that only a fow
members from the plant PR-1 family showed inducible expression by pathogens and
possessed inhibitory activity against pathogens (L1, ef a/., 2011}, For example, drabidopsis
and rice contain 22 and 39 PR-1 type genes, but only 1 and 2 members, respectively, have

been found to be inducible by pathogen or insect attacks (Van Loon, ef af , 2006).
BAG6 as a Regulator of Pregrammed Cell Death

The down regulation of the BAGS gene i planmts leads to an  moreased
programmed cell death response to pathogen incursions. The down-regulation of BAGS in
plants also leads to increased production of defense response protein NDR-1. This increased
NDR-1 production in BAGS6 silenced plants is particularly significant, since elevated levels
of this genc are known 1o increase basal resistance to both bacteria and fungi in Arabidopsis,

and 1s suggested to be likely to mcrease resistance to Las in citrus (Lu, eral, 2013}

The SSADH effect on ROS production is thought to be mediated by gamma-
hydroxybutyric acid (GHB)which accumulates when there s SSADH deficiency (Fait et al.

18
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2005, FEBS Letters 579:415-4203}, and also 1s associated with generation of very high levels
of ROS production. This effect 1s completely independent of cyvtoprotective role of BAG6H

the chain of events precipiiating programmed cell death responses.

The inventors of the present application found the unexpected and surprising result

(]

that down-regulation of SSADH can increase plant resistance to pathogens significantly,
Thus in some embodiments, the present disclosure teaches the down-regulation of SSADH
genes for increasing plant resistance to pathogens. In some embodiments, the present
disclosure teaches the down-regulation of SSADH genes to increase resistance of
biotrophic pathogens. In other embodiments, the disclosure tcaches down-regulation of
16 SSADH genes to merease resistance to citrus greening disease caused by Las, Lam, and

f.s0.

In some cmbodiments, the present disclosure teaches the down-regulation of sweet
orange SSADH (SEQ 1D NO: 1), In some embodiments, the present disclosure teaches the
down-regulation of Hamlin-SSADH. In some cmbodiments, the present disclosure

15 teaches the down-regulation of Valencia-SSADH. In some cmbodiments, the prosent

disclosure teaches the down-regulation of grapefnut-S5ADH.

It has not been anticipated, expected, nor suggested in any plant system that silencing
of a SSADH gene, which results in suppressing production of the corresponding SSADH
protem, could mcrease levels of expression of downstream detense response proteins and be

20 protective against pathogen infection or the effects of pathogen mfections. The disclosure
here that silencing of SSADH i citrus enhances production of defense response proteins
and is protective from the effocts of pathogen infection 1s therefore a surprising discovery.

For gene silencing purposes, both antisense RNA or siRNA may be used instead
activate the RNAi1 pathway, although the processes result m differing magnitudes of the

same downstream eftects.

N2
n

Conirolied Regulation of SSADH by Selective Spatial Temporal Silencing

By artificially mcreasing the ROS response and precipitating programmed cell death

(PCD), specifically sensitizing the plants to detect the presence of a pathogen, the present
disclosure teaches effective defenses in response to pathogens in an unusually rapid

30 manner. I thas increase m ROS occurred generally 1o all plant tissues, it could have the

undesirable result of making the plant more susceptible to necrotrophic pathogens.
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However, if the increase i ROS can be limited to just the phloem and nearby cells,
then there should be o necrotrophic pathogen advantage, since necrotrophs do not
attack phlocm as a first target.  Since Liberibacter and Xanthomonas are two bacterial
genera that cause major plant diseases and are prototrophic, selective increase i ROS
productioncan  confer imnumity to Liberibacter, Xanthomonos and other bictrophic
pathogens, including fungi, without undesired effects of increasing susceptibility 1o

necrotrophs.

In some embodiments, the present invention provides the use of two RNA-based
methods for selectively silencing citrus genes m such a way that: 1) only the rootstock is
transgenic, leaving the scion grafted onto the rootstock nontransgemic; 23 the RNA used
is bimited to phloem cells only (where Las resides), and 3) the RNA used in ancther case
allows hmited mugration o cells outside the phloem. The present invention provides
compositions and methods for effectively increasing the basal defense responses and
disease resistance w a plant cell, a plant part, a plant, or a plant population, such as
nontransgenic citrus scions or nontransgenic, infected citrus.  This disclosure s of
significant benchit to UK. froit crop producers or producers around the world, since the

sulting plants became resistant to severe discase
Sequence Identity

In some embodiments, the present fnvention teaches the down-regulation of a
SSADH homolog or ortholog, in which said homolog or ortholog shares at least 99.9%,
99.8%, 99.7%, 99.6%, 99.5%, 99.4%, 99.3%, 99.2%, 99.1%, 99%. 98.9%, 98.8%, 98.7%,
08 6%, 98.5%, 98.49%, 98.3%, 98.2%, 98 1%, 98%, 97.9%, 97.8%, 97.7%, 97.6%, 97.5%,
97.4%, 97.3%, 97.2%, 97.1%, 97%, 96.9%, 96.8%, 96.7%, 96.6%, 96.5%, 96.4%, 96.3%,
96.2%, 96.1%. 96%, 95.9%, 95 8%, 95.7%, 95.6%., 95.5%, 954%, 95.3%, 95.

£
¢, 2

(9]
r\,»
P

95.1%,
95%, 94.9%, 94 8%. 94.7%, 94.6%, 94.5%, 94.4%, 94.3%, 94 2%, 94.1%, 94%, 93.9%,
93.8%, 93.7%, 93.6%, 93.5%, 93.4%, 93.3%, 93. 93.1%, 93%, 92.9%, 92.8%, 92.7%,
02.6%, 92.5%, 92.4%, 92.3%, 92.2%, 92.1%, 92%, 91.9%, 91.8%, 91.7%, 91.6%, 91.5%,
01.4%, 91.3%. 91.2%, 91.1%, 91%, 90.9%, 90.8%, 90.7%, 90.6%, 90.5%, 90.4%, 90.3%,
90 2%, 90.1%, 90%., 89%, 88%., 87%, R6%, 83%, R4%, 83%, 82%, 81%, 80%, 79%, 78%,
77%, T6%, 75%, 74%, 73%, 72%, Ti%, 70%, 69%, 68%, 67%, G6%, 65%, 64%, 63%,
62%, 61%, 60%, 59%, 38%, 37%, 56%, 553%, 54%, 53%, 32%, 51%, 50%, 49%, 48%,
47%, 46%, 45%, 44%, 43%, 42%, 41%, or 40% sequence identity with SEQ 1D NO: 1, SEQ

2%,

~
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IBNG: 3, SEQ ID NO: 6, SEQ ID NG: 7 or SEQ IDNO: 8.

In some embodiments, the present mvention the down-regulation of a SSADH
homolog or ortholog, in which said homolog or ortholog shares nucleotide sequence
encoding an amine acid sequence having at least about 70%, 71%, 72%, 73%, 74%, 75%,
76%, T7%, T8%, 79%, 80%, 1%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%,

92%, 93%, 94%, 93%, 96%, 97%, 98%, 99% or 100%, sequence identity to SEQ 1D NG: 2

(]

or SEQ ID NO: 4. In some embodiments, the sequence identity of the SSADH homolog
or ortholog is calculated based on the ahigoment and comparison of each gene’s nucleic acid
sequence. In other embodunents, the sequence identity of the bomolog or ortholog is

16 calculated based on the alignment and comparison of the encoded protein.

In some embodiments, the alignmenis and sequence identity calculations of the

present mvention are calculated using ClustalOmega software with default settings.

In some embodiments, the 5SADH gene homologs and orthologs of the present

disclosure will encode for conservative aming acid substitotions. Conservative amino acid

15 substitutions are those substitutions that, when made, least interfere with the propertics of
the original protein, that 1s, the structwre and especially the function of the protein is
conserved and not significantly changed by such substitutions. Conservative substitutions
generally mamtain: {a) the structure of the polypeptide backbone in the arca of the
subsufution, for example, as a sheet or helical conformation; (b} the charge or

20 hydrophobicity of the molecule at the target site; or {c} the bulk of the side chain. Further
mformation about conservative substitutions can be found, for instance, in Ben Bassat, ef

al. {J. Bacteriol., 169:751-757, 1987), O'Regan, er al (Gene, 77:237-251, 1989), Sahin-
Toth, ef al. (Profein Sci., 3:240-247, 1994), Hochul, er dl. (BioTechnology, 6:1321-

1325, 1988} and in widely used textbooks of genetics and molecular biology. The Blosum

N2
L

matrices are commonly used for determining the relatedness of polvpeptide scquences. The
Blosum matrices were created using a large database of trusted alignments (the BLOCKS
database), in which pairwise sequence alignments related by less than some threshold
percentage identity were counied {Henikoff, er al, Proc. Narl Acad Sci. USA,
89:10915-10919, 1992). A threshold of 90% identity was used for the highly conserved
30 target frequencies of the BLOSUMYO matric. A threshold of 63% identity was used for the
BLOSUMSGS matrix.  Scores of zero and above in the Blosum matrices are considered

“conservative substitutions” at the percentage identity selected. The following table

21
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Table 1- BLOSUM substitution Matrix

PCT/US2019/048870

Original | Very Highly - Highly Conserved Conserved Substitutions
Residue Conserved Substitutions (from the {from the Blosum6S Matrix)
Substitutions Blosum¥0 Matrix)

Ala Ser Gly, Ser, Thr Cys, Gly, Ser, Thr, Val

Arg Lys Gin, His, Lys Asn, Gln, Glu, His, Lys

Asn Gl His Asp, Gln, His, Lys, Ser, Thr Arg, Asp, Gln, Ghy, His, Lvs, Ser, Thr

Asp Glu Asn, Glu Asn, Gln, Glu, Ser

Cys Ser None Ala

Gin Asn Arg, Asn, Gly, His, Lys, Met Arg, Asn, Asp, Glu, His, Lys, Met,
Ser

Gha Asp Asp, Gln, Lys Arg, Asn, Asp, Glo, His, Lys, Ser

Gly 1O Ala Ala, Ser

His Asn; Gin Arg, Asn, Gln, Tyr Arg, Asn, Gin, Glu, Tyr

lle Leu; Val Leu, Met, Val Leu, Met, Phe, Val

Leu Ile; Val le, Met, Phe, Val Iic, Met, Phe, Val

Lys Arg; Ging Glu Arg, Asu, Gln, Gl Arg, Asn, Gin, Ghy, Ser,

Me Leu: e Gin, lle, Leu, Val Gin, Ile, Leu, Phe, Val

Phe Met: Leaw, Tvr Leu, Tup, Tyr {le, Leu, Met, Trp, Tyr

Ser Thr Ala, Asn, Thr Ala, Asn, Asp, Glin, Glu, Gly, Lys,
Thr

Thr Ser Ala, Asn, Ser Ala, Asn, Ser, Val

Trp Tyr Phe, Tyr Phe, Tyr

Tyr Trp; Phe His, Phe, Trp His, Phe, Tip

Val fe; Leu He, Lew, Met Ala, e, Leu, Met, The

In some embodiments, orthologs and homologs of the present mvention can have
no more than 3, 3, 10, 13, 20, 25, 30, 40, 50, or 100 conservative amino acid changes (such
as very highlv conserved or highly conserved amino acid substitutions). In other
examples, one or several hydrophobic residues (such as Leu, He, Val, Met, Phe, or Trp) in a
variant sequence can are found to be replaced with a different hydrophobic residue (such as
Leu, He, Val, Met, Phe, or Trp) to create a variant functionally similar to the disclosed an

amino acid sequences encoded by the nucleic acid sequences of SSADH.

In some embodiments, variants may differ from the disclosed sequences by alteration
of the coding region to fit the codon usage bias of the particular organism into which the
molecule is to be mtroduced.  In other embodiments, the coding region may be altered by
taking advantage of the degeneracy of the genetic code to alter the coding sequence such that,
whife the nucleotide sequence is substantially altered, it nevertheless encodes a proten
bhaving an amino acid scquence substantially simiar to the disclosed an amino acid

sequences encoded by the nucleic acid sequences of SSADH.
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Recombinant DNA Consiructs
Another aspect of this mvention provides a recombinant nucleic acid construct
ncluding a heterologous promoter operably linked to DNA including at least one segment of

15,16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 more contiguous nucleotides with a sequence of

(]

about 70% to about 100% identity with a segment of equivalent length of a DNA having a
sequence sclected from the group consisting of SEQ 1D NGO 1, SEQ 1D NG:3, SEQ [D NO: 6;
SEQG ID NG: 7, and SEQ 1D NG: 8. The recombinant nucleic acid constructs are useful
providing a plant having improved resistance to bactenial or fungal infections, eg.. by
cxpressing 1 a plant a transcript of such a recombinant nucleic acid construct.  The
16 contiguous nucleotides can number more than 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27,28, 29, 30, or greater than 30, e g, about 35, about 40, about 45, about 50, about 55, about
60, about 63, about 70, about 75, about 30, about 83, about 90, about 95, about 100, about
1160, about 120, about 130, about 140, about 150, about 160, about 170, about 180, about 190,
about 200, about 210, about 220, about 230, about 240, about 250, about 260, about 270,

15 abowt 280, about 290, about 300, about 310, about 320, about 330, about 340, about 350,

"

about 360, about 370, about 380, about 390, about 400, about 410, about 420, about 430,
about 440, about 450, about 460, about 470, about 430, about 490, about 500, about 510,
about 320, about 530, about 540, about 550, about 560, about 370, about 380, about 390,
about 600, about 610, about 620, about 630, about 640, about 630, about 660, about 670,

20 about 680, about 690, about 700, about 710, about 720, about 730, about 740. about 750,
about 760, about 770, about 780, about 790, about 800, about 810, about 820, about 830,
about 840, about 850, about 860, about 870, about 880, about 890, about 900, or greater than
900 contiguous nucleotides from SEQ 1D NO:1 or SEQ 1D NG:3, SEQ ID NO: 6, SEQ ID
NG: 7, 0t SEG ID NO: 8.

25 The contiguous nucleotides can number more than about 900, about 1000, about
1160, about 1200, about 1300, about 1400, about 1500, about 1600, about 1700, about 1800,
about 1900, about 2000, about 2100, asbout 2200, about 2300, about 2400, about 2500
contiguous nucleotides from SEQ ID NO: 1, SEQ D NO:3, SEQ 1D NG 6; SEQ 1D NG 7,
or SEGQ ID NG: 8.

30 In some embodiments, the recombinant nucleic acid construct of this mvention 1§
provided i a recombinant vector. By “recombipant vector” is meant a recombinant

polymicleotide molecule that is used to transfer genetic information from one cell to another.
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Embodiments suitable to this mnvention include, but are not hinited to, recombinant plasmids,
recombinant cosmuds, artificial chromosomes, and recombinant viral vectors such as

recombinant plant virus vectors and recombinant baculovirus vectors.

RNA Interference

L

Sequence-~selective, post-transcriptional imactivation of expression of a target gene can
be achieved in a wide variety of eokaryotes by mtroducing double-stranded RNA {dsRNA)
corresponding to the target gene, a phenomenon termed RNA mnterference (RNA#) RNA:
occurs when an organism recognizes dsRNA molecules and hydrolyzes thermn. The resulting
hydrolysis products are small RNA fragments of 15, 16, 17, 18, 19, 20, 21, 22, 23 or 24
10 nucleotides i length, called small mterfering RNAs (siRNAsg) or microRNAs (miRNAg).

The siRNAs then diffuse or are carried throughout the organism, inchiding across celhular
membranes, where they hybridize to mRNAs {or other RNAs) and cause hvdrolysis of the
RNA. Most plant miRNAs show extensive base paining to, and guide cleavage of their target
mRBNAs (Jones-Rhoades et al. (2006} Annu. Rev. Plant Biol. 57, 19-53; Llave et al. (2002)
15 Proc. Nail Acad. Scii USA 97, 13401-10406). In other instances, interfering RNAs may bind
to target RNA molecules having maperfect complementarity, causing translational repression

without mRNA degradation.

The term “RNA1 or “"RNA interference” refers to the process of sequence-spectfic
post-transcriptional gene silencing {e.g., in nematodes), mediated by double-stranded KNA

20 {(dsRNA}. “DsRNA” refers to RNA that is partially or completely double stranded. Double
stranded RNA 1s also referred to as small interfering RNA {siRNA}, small tnterfering nucleic

acid (31NA), microRNA (muKNA), and the like. In the RNA1 process, dsRNA comprising a

first (antisense) strand that is complementary to a portion of a target gene and a second

(sense} strand that is fully or partially complementary to the first antisense strand is

N2
L

miroduced into an organism {¢.g., plants and/or crops), by, ¢.g.. transformation, mjection,
spray, brush, mechamical abrasion, laser etching or immersion, ete. After introduction nio the
organism, the target gene-specific dsRNA 1s processed inte relatively small fragments
(siRNAs) and can subsequently become distributed throughout the organism, leading to a
loss-of-function mutation having a phenotype that, over the period of a generation, may come
30 to closely resemble the phenotype arising from a complete or partial deletion of the target

gene.

24
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This approach takes advantage of the discovery that siRNA can tnigger the
degradation of mRNA corresponding to the siRNA sequence. RNA1 is a remarkably cfficient
process wherchy dsRNA induces the sequence-specific degradation of homologous mRNA in
amimals and plant cells (Hutvagner and Zamore (2002), Curr. Opin. Genet. Dev,, 12, 225-

5 232; Sharp (2001), Genes Dev., 15, 485-490).

The cffects of RNA1 can be both systemic and heritable in plants. In plants, RNAI 15
thought to propagate by the transfer of siRNAs between cells through plasmodesmata. The
heritability comes from methylation of promoters targeted by RNAi; the new methylation
pattern 1s copied in cach new generation of the cell. A broad general distinction between

16 planis and animals lies in the targeting of endogenously produced miRNAs; in plants,
miRNAs are asually perfectly or nearly perfectly complementary to their target genes and
induce direct mRNA cleavage by RISC, while animals’ miRNAs tend to be more divergent in

sequence and induce translational repression. Detatled methods for RNAL in plants are

15 9780879697242}, Sohail et al (Gene silencing by RNA interference: technology and
application, CRC Press, 2005, ISBN 0849321417, 9780849321412}, Engelke et al. (RAN
Interference, Academuc Press, 2005, ISBN 0121827976, 9780121827977), and Doran et al.
(RNA Interference: Methods for Plants and Animals, CABI, 2009, ISBN 1845934103,
9781845934101}, which are all herein incorporated by reference in their entireties for all

20 purposes.

The term “dsRNA” or “dsRNA molecule” or “double-strand RNA effector molecule”
refers to an at least partially double-strand ribomucleic acid molecule containing a region of at
least about 19 or more nucleotides that are in a double-strand conformation. The double-
stranded RNA effector molecule may be a duplex doublg-stranded RNA formed from two

25 separate RNA strands or it may be a single RNA strand with regions of self-complementarity
capable of assuming an at least partially double-stranded hairpin conformation (i.c., a haurpin
dsRNA or stem-loop dsRNA). In vanous embodiments, the dsRNA consists entirely of
ribonuclestides or consists of a mixture of ribonuclestides and deoxynuclectides, such as
RNA/DNA hybrids. The dsRNA may be a single molecule with regions of seif-

30 complementanty such that nucleotides in one segment of the molecule basc pair with

nucieotides in another segment of the molecule.

DsRNA-mediated regulation of gene expression in plants is well known to those
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skilled i the art. Sce, eg, WIPQ Patent Application Nos. W(1999/061631A and

WGO1999/053050A, cach of which is tncorporated by reference herein in its entirety.

As used herein, “RNA t{ranscnipt” refers to the product resulting from RNA

polymerase-catalyzed transcription of a DNA sequence. When the RNA transeript is a perfect

(]

complementary copy of the BNA scquence, it is referred to as the prnimary transcript. An
RNA transcript is referred to as the mature RNA when ¢t s an RNA sequence derived from
post-transeriptional processing of the primary transcript. “Messenger RNA (mRNA)” refers
to the RNA that is without ntrons and that can be transiated into protein by the cell. “cDNA”
refers to a DNA that is complementary to and synthesized from an mRNA template using the
16 enzyvme reverse transcriptase. The ¢DNA can be single-stranded or converted into the double-

stranded form using the Klenow fragment of DNA polvmerase 1 “Scnse” RNA refors to

RNA transcript that includes the mRNA and can be translated into protein within a cell or in

vitro. “Antiscnse RNA” refers 1o an RNA transeript that is complementary to all or part of a

target primary transcript or mRNA, and that blocks the expression of a target gene (U.S. Pat.
15 No. 5,107,065} The complementanty of an antisense RNA may be with any part of the
specific gone transcript, ¢, at the 5 non-coding sequence, 3" non-coding sequence, introns,
or the coding sequence. The terms “complementary” and “reverse complementary” are used
mnterchangeably herein with respect to mRNA transcripts, and are meant to define the

antisense RNA of the message.

20 In some embodiments, an RNA1 agent mchudes a smgle stranded RNA that interacts
with a target RNA sequence to direct the cleavage of the target RNA . Without wishing to be
bound by theory, long double stranded RNA introduced into plants and invertebrate cells is
broken down into siRMNA by a Type I endonuciease known as Dicer (Sharp ¢t al,, Genes
Dev. 2001, 15:485). Dicer, a nbonuclease-Hi-like enzyme, processes the dsRNA to 19-23

25 basc pair short interfering RN As with characteristic two base 3° overhangs (Berastein, et al.,
(2001} Nature 409:363). The siRNAs are then incorporated into an RNA-induced silencing
complex (RISC) where one or more helicases unwind the siRNA duplex, enabling the
complementary antisense strand to guide target recognition {Nykanen, et al, (2001) Cell
107:309}). Upon binding to the appropriate target mRNA, one or more endonucleases within

30 the RISC cleaves the target to induce silencing (Elbashir, et al | (2001) Genes Dev. 15188}

In some embodiments the present invention also teaches expression vectors capable

of producing inhibitor mucleic acid molecules. In some embodiments, the present invention

26
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teaches the use of RNA mterfercnce (RNA1) for the down-regulation of SSADH genes, or
homologs or orthologs of SSADH genes. Thus in some cmbodiments the present
invention teaches the cxpression of antisense, mverted repeat, small RNAs, artificial

miRNA, or other RNA1 triggening sequences.

(]

In some embodiments the RNA1 constructs of the present invention comprise
sequences capable of triggering RNAJ suppression of SSADH genes, including nucleic acid
fragments compnising sequence identities higher than about 70%, T1%, 72%, 73%, 74%,
75%, 76%, T7%, T8%, 79%, 80%, &1%, 82%, #3%, 84%, 83%, 86%, 87%, 88%, 89%, 90%.
019, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99% to a S5ADH gene target region, such
10 as those disclosed wn SEQ 1D NG: 1, SEQ 1D NG:3, SEQG 1D NGO 6; SEQ ID NG: 7, or SEQ
D NG: &

In some embodiments, the antisense or small RNA molecules are targeted 1o a section
of the coding portion of the target gene. In other embodiments, the RNA1 sequences of the
present nvention are targeted to the 57 or 37 untransiated regions (UTRs) of the target gene. In

15 vet other embodiments, the KNA1 sequences of the present invention are targeted to the
promoter of the target gene. Methods of sclecting sequence target regions for RNAiL
molecule design are described in more detail i (Fougerolles, ef o/, 2007, US Patent No.

7,732,593).

In some embodiments, the RNA1 molecules of the invention may be moditied at

20 varicus locations, mmcluding the sugar moiety, the phosphodiester linkage, and/or the base.
For example, in order to further imcrease the stability of the molecules in vivo, the 3'-

end of the hairpin structure may be blocked by protective group(s). For example, protective
groups such as mverted nocleotides, inverted abasic moieties, or aming-end modified

nucleotides may be used. Inverted nucleotides may comprise an inverted deoxynucleotide.

25 Inverted abasic moictics may comprise an nverted deoxvabasic moiety, such as a 3/,3'-
linked or 5',5"-limked deoxyabasic moiety (U.S. Patent Publication 2011/251258).

In some embodiments, the present invention also teaches the down-regulation of
genes via antisense technology.  In some embodiments, the present invention can be
practiced using other known methods for down-regulating gene expression mcluding T-

30 DNA knockout lines, titing, TAL-mediated gene disruption, transcriptional gene silencing,

and site-directed methylations.

27
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Application of RNAi formulation/treatment

Plant recombinant technology is the vehicle for delivering gene silencing of target
gengs, cither endogenous plant target genes or target genes of a plant pest organism. In
general, a plant is transformed with BNA that is meorporated into the plant genome, and
when expressed produces a dsRNMNA that is complementary to a gene of intergst, which can be
an endogenous plant gene or an essential gence of a plant pest. Plant recombination technigues
to generate transgene and beneficial plant traits require significant invesimenis in research
and development, and pose significant regulatory hurdles. Methods and formulations for
delivering dsRNA into plant cells by exogenous application to exterior portions of the plant,
such as leaf, stem, and/or root surfaces for regulation of endogenous gene expression are
known 1 the art. See, ¢.g., U5 Patent No. 9,433 217, U5, Patent Publication 2013/0047298,
Chinese Patent No. 1037482308 and Chinese Patent Publication CN101914540A, cach of
which is incorporated bv reference herein in its entiretv. Such methods and formulations

represent a significant development for gene silencing technology using RNAL

in some cmbodiments, the present invention teaches methods and formulations to
topically apply exogenous RNA molecules to external tissue surfaces of plants. In some
embodiments, the application exogenous RNA molecules, including dsRNA, siRNA, miRNA
and aRNA, causes silencing of plant endogenous target genes or of the target genes of plant
pests in the plant cells nearby the eoxternal tissue surfaces. In some embodiments, the
application exogenous RNA molecules, including dsRNA, siRNA, miRNA and aRNA,
causes stlencimg of plant endogenocus target genes or of the target genes of plant pests in the

plant cells that 1s located in a long distance from the external tissue surfaces.

In some embodiments, the present invention provides that applying dsRNA
formulations {(and/or treatmenis) by spray, brush, mechanical abrasion, laser etching or
immersion of the dsRNA molecules, or other non-tissue mvasive techniques, leads to
absorption and assimilation of the exogenous RNA molecules into nearby or distant plant
cells, thus causing endogenous and/or pest gene silencing. In some embodiments, pest genes

are introduced into host plants by bacterial, fungal, or viral infection.

In some embodiments, the present mvention teaches methods of repressimg,
preventing, climinating, reducing, or otherwise amcliorating a  bactenial or fungal

mfection of a plant comprsing topical application of nucleic acid including DNA molecules

28



WO 2020/047294 PCT/US2019/048870

as well as RNA molecuoles including dsRNA | siRNA, miRNA and aRNA.

The following examples tllustrate various aspects of the invention. The examples
should, of course, be understood o be merely tllustrative of only certam embodiments of the

invention and not to constitute limitations upon the scope of the invention.

L

Example 1: Identification of a citrus SSADH homolog and demonstiration of

single identical homologs in sweet orange and grapefrait.

BLAST-P scarches were performed using the predicted SSADH protein sequence
from Arabidopsis (SEQ ID NO: 4) to wdentify a single citrus locus within the Valencia
sweet orange (Citrus sinensisy ¢v. Valencia genome available online referred to herein

10 as Valencia SSADH (SEQ 1D NG 2). encoded by the gene region provided in SEQ ID NO:
1. The DNA sequence of this locus, which i1s an SSADH homolog, was then used to
determine how closely related 1t might be to other members of the SSADH gene family
i citrus.  No citrus varteties, including C. sinensis (sweet orange} cvs. Valencia, Hambn
and Madam vinous or £ paradisi {grapefruit) appeared to have any other sequences

15 with high sequence simlarty (>50%) over a stretch of more than 18 base pairs o SSADH.
This demonstrated not only that citrus did not likely carry multiple SSADH homologs, but
also that most regions on Valencia SSADH chosen as a probe or for silencing purposes
would likely be specific to the target SSADH geve.  Citrus mRNA was 1solated from four
commercially planted citrus species or varieties, mcluding C. sinensis cv. Valencia (sweet

20 orange), C. sinensis ¢v. Hamlin {sweet orange), C. paradisi (grapefruit), and Citrus sinensis
(L.) X Poncirius trifofioia {Carizo, a rootstock). qRT-PCR was performed on all these
mRNAs using standard methods (Jiang, ef @f, 2012} to amphify a 930 bp cxon fragment
using appropriate PCR primers. These DNA fragments were cloned into pGEM-T and

three clones from each of the three citrus vaneties were sequenced. The DNA sequences

N2
L

were 98% 1dentical over the entire 2209 bp stretch of SSADH from Valencia sweet orange
(SEQ ID NO: 1), and nearly 100% identical (1 bp difference between Valencia and
grapefruit (SEQ 1D NG: 6}, Hambin (SEQ ID NG: 7) or Carrizo (SEQ 1D NO: 8) Valencia over
the first 200 bp of SEQ 1D NO: 1. Not surprisingly, there were additional single nucleotide
polymorphisms and a 24 bp addition to Carrizo not found in the 5' untransiated region of the
30 other citrus species. This demonstrated that most regions on Valencia SSADH chosen as a

probe or for silencing purposes wouldd hikely be specific to the target SSADH genc.
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Example 2. SSADH expression was suppressed in noniransgenic citrus sweet
erange Jeaves within 3 days after placing the cut stems of seedlings into an agueous

solution of SSADH dsRNA.

In order to determune if exogenously supplied dsRNA could be applied directly to
sweet orange citrus in order to sulence SSADH, Cirrus sinensis cv. Madam vinous seeds
were germinated and the seedlings grown hydroponically for 6-8 weeks until the aerial parts
of the seedlings were ca. 4" tall in growth chambers. The roots were removed and immersed
in a water solation containing either 5 ng or 100 ng of long dsRNA (500 nt in lengthy The
dsRNA used was commercially prepared to correspond to the DNA coding region of SEQ 1D
NG. 1 from positions 433-931.

Care was taken to protect the untreated leaves from exposure to the applied dsRNA
solution. RNA was extracted from the leaves of the treated plants 3 or S days after treatment.
Real time quantitative reverse transcription PCR (gRT-PCR) was used to determune levels of
expression of S5ADH in all samples, using primers well outside of the region of SSADH
used for the RNA treatments. gRT-PCR levels were normalized against the control reaction
(set at 100%), and relative expression fevels of SSADH in both treatments determined. As
documented in Figure 1, dsRNA moved long distances up the stem and mto the leaves within
3 days, as evidenced by the suppression of expression of SSADH in the untreated leaves.
This demonstrated that 500 nucleotides of citrus SSADH mRNA could be used to sifence
SSADH in sweet orange citrus within 3 days of treatment at a concentration of 100 ng/ 4 inch

stem {cach weighing 150 - 300 mg) and within 5 days of treatment at 5 ng/ 4 inch stem.

Example 3. SSADH dsBNA formulated as a nanoemulsion and used for foliar
spray treatments resulted in suppression of Ca. Liberibacter asiaticus (Las) gene

expression in field grown commercial grapefruit.

In two separate experimental ficld inals using five vear old grapefrunt (Cirrus
paradist) trees planted in a commercial grove that was 100% mfected with Las, selocted
grapefruit trees were spraved with an aqueous panocmulsion foroulation (224) of
commercially prepared long (about 500 nt i length) dsRNA and applied at a rate of 0.05 to
(.1 grams per tree.  As clearly observed m Figure 2, Las grofl. gene expression, an indicator
of iving Las cell metabolic activity, was suppressed after single spray treatments at 32 days

following treatment. This result demonstrated that spray treatments with citrus $SSADH
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dsRNA formulated as a stabilized nanocemulsions i Formuda 224 killed or at least reduced
metabolic activity in living Las cells in commercially grown citrus trees in the field. This
treatment showed statistically significant cffects at by both Student's T and Tuckey's tests at
(.05 confidence levels. Simce SSADH is known to suppress ROS generation, this example
5  demonstrates that increased plant capacity to generate ROS 1s usefild i killing or suppressing
Las. Statistically significant direct and systemic suppression of metabolic activity of Las live
cells in all branches treated with SSADH dsRNA, applied as a simple nano-emulsion spray

without laser etching, was observed.

Example 4. SSADH dsRNA applied using laser eiching and spray treatments
10 resuited in suppression of Ca Liberibacter asiaticus (Las) gene expression in field

growsn commercial grapefruit.

In a scparate experimental field tnal using five vear old grapefruit (Citrus paradisiy
frecs planted in a commercial grove that was 100% infected with Las, selected grapefiruit
tregs were treated by laser ctching to the foliage on one side of the citrus trees using SSADH

15 dsRNA {(about 500 ot in length) dsRNA dissolved in water and apphed at a rate of 0.187
grams per tree. As clearly observed in Figure 3, Las gro£l. gene expression, an indicator of
living Las cell metabolic activity, was significantly suppressed afier a single spray treatment
onc month after treatment. The effect wore off after an additional 1.5 months, but retreatment
caused an even greater suppressive coffect, also significantly different.  This result

20 demonstrated that spray treatments with agueous citrus SSADH dsRNA applied by laser
ctching killed or at least sigmficantly reduced metabolic activity in biving Las cells o
commercially grown citrus trees in the field. This treatment showed statistically significant
effects at by both Student's T and Tuckey's tests at .05 confidence levels. Statistically
significant dirgct and systemic suppression of metabolic activity of Las hve cells in all

25 branches, whether directly treated with SSADH dsRNMNA by laser etching or on untreated

leaves on the opposite side of the tree, was observed.

Example 5. S5ADH alese, or in combination with BAGS dsRNA applied using
laser etching and spray treatments resulted in suppression of (g, Liberibacter asiaticus

{Las) gene expression in field grown commercial grapefruits.

[
<

In three separate expernimental field trials using five-vear-old grapefiuits (Cifrus

paradisi} trees planted in a conumnercial grove that was 100% infected with Las, selected

31
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grapefruit trees were treated by laser ctching to the foliage on one side of the citras trees
asing SSADH dsRNA or in one experiment to test synergism with an entirely different family
of anti-apoptotic genes, with SSADH plus BAG6 dsRNA (both about 300 nt in length)
dissolved m water and apphied at a rate of 0.187 grams per tree for cach dsRNA. As cleardy
observed in Figure 4, Las grofd. gene expression, an indicator of hiving Las cell metabolic
activity, was significantly suppressed following one SSADH weatment {(experiment 4),
suppressed but not significantly suppressed following one SSADH treatment {cxperiment 6}
and very significantly suppressed followmg treatment using a combination of SSADH and
BAGS (experiment 7) after a single spray treatment, observed one month after treatment.
This result demonstrated that spray treatments with agueous citrus SSADH or with SSADH
plus BAGS6 dsRNA applied by laser etching killed or at least significantly reduced metabolic
activity n living Las cells in commercially grown citras trecs in the field. Again, and as in
Example 4, direct and systemic suppression of metabolic activity of Las live cells in all
branches, whether directly treated with SSADH or SSADH + BAG6 dsRNA by laser etching
or on untreated leaves on the opposite side of the tree, was observed. This confirms that
dsRNA from both BAG6 (disclosed in W 2016/086142 Al) and a second, unrelated gene
{encoding SSADH) can achieve selective silencing of either S5ADH or BAG6 or both
using the RNAI application methodologics employed berein or in WO 2016/086142 1o
increase basal defense responses and discase resistance in nontransgenic infected citrus.
The statistical significance of P < (.01 observed using the combination of SSADH and BAG6
was the strongest observed in these expermments, and indicates synergism of suppression of
ditferent mechanisms of apoptotic suppression {ROS generation n the case of SSADH and

cvtoprotective effects in the case of BAG6).

Example 6. S5ADH dsRNA may be applied by root uptake in citrus to achieve

gene silencing of the target gene in sweet orange,

Solutions containing various concentrations of 5SADH dsRNA (1X, 10X and 100X}
were apphied to roots of sweet orange (Citrus sinensis cv. Madam vinous) seedlings grown m
a growth chamber and moved to greenhouse. As may be observed in Figure 6, SSADH
apphied by root uptake resulted i the suppression of the target SSADH gene in the untreated
leaves, this time in a different swecet orange variety. These results demonstrated the validity
of using the same sequence of dsRNA to achicve gene silencing on sweet orange vaneties

Hamlin and Madam vinous, as well as in grapefrurts.  In addition, taken together with the
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other examples above, these results expand the potential apphication methodologies for use of
dsRNA to silence S5ADH, BAGS or any other negative regolator of plant defense responses

to include nanocmulsions, laser etching, or root uptake.

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

preferred methods and matenals are described herem.

All publications, patents, patent publications, and nucleic acid and amino acid

sequences cited are incorporated by reference herein in their entirety for all purposes.

The publications discussed herein are provided solely for their disclosure prior to
the filmg date of the present application. Nothing herein is to be construed as an adission
that the present mvention is not entitled to antedate such publication by virtue of prior

mvention.

While the invention has been described in connection with specific embodiments
thereof, it will be understood that i is capable of further modifications and this application is
ntended to cover any variations, uses, or adaptations of the invention following, in general,
the prnciples of the mvention and mcluding such departurcs from the present disclosure as
come within known or customary practice within the art to which the mvention pertains and
as may be applied to the essential features hereinbefore set forth and as follows in the scope

of the appended claims.
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CLAIMS

1. A recombinant nucleic acid molecule comprising a nucleic acid sequence comprising at
least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25 contiguous nucleotides that are
complementary to SEQ ID NO: 1, SEQ ID NG: 3, SEQ ID NG: 6, SEQ D NG: 7or SEQ ID
NG: 8, wherein transcription of the nucleic acid molecule or the presence of the nucleic acid
molecule reduces expression of a succinic semialdchyde dehydrogenase (SSADH) gene in a

plant cell.

2. The recombmant nucleic acid molecule of claim 1, wherein the nucleic acid sequence is a

DNA molecule, and the DNA molecule is operably hinked to a promoter.

3. The recombinant nucleic acid molecule of claim 2, wherein the promoter is a heterologous

promaier.

4. The recombmant nucleic acid molecule of claim 1, wherein the nucleic acid sequence s a
DNA sequence, and wherein transcription of the nucleic acid sequence produces an
interfering RNA molecule targeting the SSADH gene, wherein the mnterfering RNA 15 a
double-stranded RNA or antisense RNA, one strand of which comprises at least 15, 16, 17,
18,19, 20,21, 22, 23, 24 or 25 contiguous nucleotides that are complementary to SEQ ID

NG 1, SEQID NO: 3, SEQ ID NO: 6, SEQ ID NG 7 or SEQ 1D NG: 8.

5. The recombinant nucleic acid molecule of claim 1, wherein the nucleic acid sequence is an

EMNA molecule.

6. The recombinant nucleic acid molecule of claim 3, wherein the nucleic acid sequence is a

dsRNA or siRNA.
7. The recombinant nucleic acid molecule of claim 1, wherein the nucleic acid sequence
further comprises an DNA sequence encoding movement leader sequence, or a corresponding

RMNA sequence.

§. The recombmant nucleic acid molecule of claim 7, the movement leader sequence
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comprises at least 18 contiguous nucleotides of SEQ 1D NO: 5.

9. The recombinant nucleic acid molecule of claim 1, wherein the nucleic acid molecule is

operably Iinked to a GUS loop sequence or an intron sequence.

10. A recombinant vector comprising or encoding the recombinant nucleic acid molecule of

any one of claim 1 to claim 9.

11, A transgenic plant ¢ell, a transgemic plant part, or a transgenic plant comprising the

nucleic acid molecule of any one of claim 1 to claim 9.

12. A plant comprising a nontransgenic grafted scion, and a transgenic rootstock, wherein the

rootstock comprise recombinant nucleic acid molecule of anv one of claim 1 to claim 5.

13. A composition comprising the recombinant nucleic acid molecule of any one of claim 1

to claim 9.

14. The composition of claim 13, wherein the recombinant nucleic acid molecule 1s an RNA
molecule, and the composition is for delivering the RNA molecule into phloem cells of a
plant,

15. The composition of claim 14, wherein the composttion s 1 a nancenulsion formulation.
16. A method of repressing. preventing or otherwise reducing a bacterial or fungal
infection of a plant, comprising expressing the recombinant nucleic acid sequence of claim 1
in the plant, or applying the recombinant nucleic acid sequence to the plant.

17. The method of claim 16, wherein said plant is a citrus tree.

18. The method of claim 16, wherein said infection 1s caused by a biotrophic plant pathogen.

19. The method of claim 16, wherein said infection is caused by a Liberibacter.
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20. The method of claim 16 wherein said infection is cansed by a Liberibacter infecting

cirus.

21. The method of claim 16, wherein said infection 13 caused by Ca. Libertbacter asiaticus
{Las}.

22. A wmethod of repressing, preventing or otherwise reducing a bacterial or fungal
mfection of a plant, comprising topical application, injection, soil drench, root feeding,
fertilization, mechanical ctching or any form of mtroduction of the nucleic acid of claims 1

to 9 to said plant.

23. The method of claim 22, wherein the topical application utilizes lecithin and or gelatin

formed nto an emulsion.

24, The method of claim 22 or 23, wherein said plant is a citrus tree.

25. The method of claim 22 or 23, wheremn said mfection is caused by a biotrophic plant

pathogen.

26. The method of claim 22 or 23, wherein said infection is caused by a Liberibacter.

27. The method of claim 26, wherein said mfection is caused by a Libenbacter infocting

citrus.

2&. The method of claim 26, wherein said infection 13 caused by Ca. Libentbacter asiaticus

{Las}.
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