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use are described. Specifically, the disclosure provides a transgenic plant
engineered to heterologously express an miRNA, wherein the plant fur-
ther heterologously expresses a pentatricopeptide repeat (PPR)- encoding
transcript, and wherein the transgenic plant has enhanced resistance to a
pathogen compared to a control plant that does not heterologously express
the miRNA. Further disclosed are miRNA sequences that are used in the
3 disclosure.
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SRNAS THAT ENHANCE PLANT RESISTANCE

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001] The present invention claims benefit of priority to U.S. Provisional Patent Application

No. 62/714,342, filed August 3, 2018, which is incorporated by reference for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
[0002] This invention was made with Government support under U.S. Department of
Agriculture National Institutes of Food and Agriculture (USDA-NIFA) Grant No. 2014-67013-

21554. The government has certain rights in this invention.

SEQUENCE LISTING
[0002.1] The instant application contains a Sequence Listing which has been submitted
electronically in ASCII format and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on August 2, 2019, is named 081906-1146535 230610PC_SL . txt and is
332,041 bytes in size.

BACKGROUND OF THE INVENTION
[0003] Phytophthora are filamentous eukaryotic pathogens that exert major threats to food
safety and human wellness (Kamoun et al., 2015). Hundreds of billions of dollars are lost each
year due to destructive crop diseases caused by Phytophthora species. For example, the
notorious potato pathogen Phytophthora infestans was the culprit of the Irish Famine in the
nineteenth century and remains a serious problem worldwide. Battling Phytophthora diseases is

a major challenge in agriculture.

[0004] Plants have evolved a complex immune system during an arms race with potential

pathogens in the environment. However, successful pathogens are able to defeat host immunity,
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mainly through the function of secreted proteins, called effectors (Jones and Dangl, 2006; Dou,
and Zhou, 2012). Many effectors directly manipulate host cellular processes inside the host cells.
The study of pathogen effectors and their targets has yielded important insights into basic plant
cell biology in general, and immune signaling in particular (Win et al., 2012). Similar to many
other filamentous fungi and oomycete pathogens, Phytophthora establishes intimate symbiotic
associations with host plants through infection structures called haustoria, which are
invaginations of host plasma membrane induced by extensions of Phytophthora hyphae (Bozkurt
et al., 2014). Haustoria are believed to facilitate nutrient transportation from the host, and, more
importantly, act as an essential interface for effector delivery from the pathogens (Petre and
Kamoun, 2014). Each Phytophthora species is predicted to encode several hundreds to over one
thousand effectors that have diverse cellular functions in plant hosts (Haas et al., 2009; Lamour
et al , 2012; Pais et al., 2013; Tyler et al., 2000). This remarkably large effector repertoire
reflects a high level of complexity in the defense/counter-defense crosstalk between

Phytophthora and their plant hosts.

[0005] Recent studies have revealed that some Phytophthora effectors can inhibit the RNA
silencing pathway in plants (Qiao et al., 2013). RNA silencing has a well-established role in anti-
viral immunity and viral RNA silencing suppressors are indispensable for infection (Ding, 2010).
These Phytophthora suppressors of RNA silencing (PSR) enhance plant susceptibility to
Phytophthora (Qiao et al., 2013; Xiong et al., 2014). However, the role of RNA silencing in
defense against eukaryotic pathogens is unclear; more importantly, how these pathogens can

overcome RNAi-based defense mechanisms to establish successful infection remains unknown.

[0006] Gene silencing is mediated by small RNAs. Plants produce two major classes of
sRNAs, microRNAs (miRNAs) and small interfering RNAs (siRNAs), which are distinctive in
biosynthetic pathways and functions (Axtell, 2013). miRNAs are encoded from endogenous MI/R
loci, where the primary transcripts form foldback precursors that are subsequently processed. In
contrast, the precursors of siRNAs are long double-stranded RNAs (dsRNAs) synthesized by
RNA-dependent RNA polymerases (RDRPs) (Chen, 2009). A small number of miRNAs trigger
the generation of secondary siRNAs, which are derived from a subset of miRNA-targeted

transcripts. Land plants retain a complex pathway to generate numerous secondary siRNAs with
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diverse sequences from both coding and non-coding transcripts, but the biological functions of

these secondary siRNAs are largely unknown (Borges and Martienssen, 2015).

[0007] Among the RNA silencing suppressors identified from Phytophthora sojae, PSR2 was
found to impair the accumulation of two secondary siRNAs, derived from the non-coding

TASIa/b/c and TAS2 transcripts respectively, in Arabidopsis (Qiao et al., 2013).

BRIEF SUMMARY OF THE INVENTION
[0008] miRNAs that can be expressed in plants and their use for increasing plant resistance to
pathogens, including for example Phytophthora and Verticilium, are described. In some
embodiments, a transgenic plant engineered to heterologously express an miRNA comprising
any one of SEQ ID NO: 1-19 is provided, wherein the transgenic plant has enhanced resistance
to a pathogen compared to a control plant that does not heterologously express the miRNA. In
some embodiments, the plant further heterologously expresses a pentatricopeptide repeat (PPR)-
encoding transcript. In some embodiments, the PPR-encoding transcript contains a mutation
such that the transcript does not express a function protein. . In some embodiments, the PPR-
encoding transcript and the miRNA are from the same species of plant and are different from the
transgenic plant species. In some embodiments, the transgenic plant comprises an expression
cassette, the expression cassette comprising a promoter operably linked to a polynucleotide
encoding the miRNA, wherein the promoter is heterologous to the polynucleotide. In some

embodiments, the promoter is constitutive or tissue-specific or inducible.

[0009] In some embodiments, the plant is a dicot plant. In some embodiments, the plant is a

cotton plant.

[0010] In some embodiments, the pathogen is one or more of a species of Phytophthora and/or

Verticillium or other filamentous eukaryotic pathogen.

[0011] Also provided is a method of making the transgenic plant as described above or
elsewhere herein. In some embodiments, the method comprises (i) modifying an endogenous
promoter of the plant to heterologously express the miRNA or (ii) introducing the expression

cassette into the plant. In some embodiments, the method further comprises selecting from a
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plurality of modified plants, one or more plant with enhanced resistance to the pathogen

(including but not limited to Phytophthora).

[0011] Also provided is a method of inducing resistance in a plant to a pathogen, the method
comprising, contacting a plant with an miRNA comprising any one of SEQ ID NO: 1-19 in an
amount to induce resistance to a pathogen. In some embodiments, the method further comprises
contacting the plant with a pentatricopeptide repeat (PPR)-encoding transcript. In some
embodiments, the PPR-encoding transcript contains a mutation such that the transcript does not
express a function protein. In some embodiments, the PPR-encoding transcript and the miRNA
are from the same (or different) species of plant and are different from the transgenic plant
species In some embodiments, the plant is a dicot plant. In some embodiments, the plant is a
cotton plant. In some embodiments, the pathogen is one or more of a species of Phytophthora
and/or Verticillium. In some embodiments, the contacting comprising spraying aerial parts of the
plant or contacting roots of the plant with the miRNA (and optionally the PPR-encoding

transcript).

DEFINITIONS
[0012] The term "pathogen-resistant” or "pathogen resistance" refers to an increase in the
ability of a plant to prevent or resist pathogen infection or pathogen-induced symptoms.
Pathogen resistance can be increased resistance relative to a particular pathogen species or genus
(e.g., Verticilium or Phytophthora), increased resistance to multiple pathogens, or increased
resistance to all pathogens (e.g., systemic acquired resistance). In some embodiments, resistance
of a plant to a pathogen is "increased" when one or more symptoms of pathogen infection are
reduced relative to a control (e.g., a plant in which a polynucleotide that inhibits expression of a

pathogen target gene is not expressed).

[0013] "Pathogens" include, but are not limited to, viruses, bacteria, nematodes, fungi,
oomycetes or insects (see, e.g., Agrios, Plant Pathology (Academic Press, San Diego, CA
(1988)). In some embodiments, the pathogen is a fungal pathogen. In some embodiments, the
pathogen is an oomycete pathogen. In some embodiments, the pathogen is Phytophthora. In

some embodiments, the pathogen is Verticillium.

[0014] The term "nucleic acid" or "polynucleotide" refers to a single or double-stranded

polymer of deoxyribonucleotide or ribonucleotide bases read from the 5' to the 3' end. Nucleic
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acids may also include modified nucleotides that permit correct read through by a polymerase

and do not significantly alter expression of a polypeptide encoded by that nucleic acid.

[0015] The phrase "nucleic acid encoding” or "polynucleotide encoding" refers to a nucleic
acid which directs the expression of a specific protein or peptide, or a non-coding RNA. The
nucleic acid sequences include both the DNA strand sequence that is transcribed into RNA and,
when encoding a protein, the RNA sequence that is translated into protein. The nucleic acid
sequences include both the full length nucleic acid sequences as well as non-full length

sequences derived from the full length sequences.

[0016] Two nucleic acid sequences or polypeptides are said to be "identical" if the sequence of
nucleotides or amino acid residues, respectively, in the two sequences is the same when aligned
for maximum correspondence as described below. "Percentage of sequence identity" is
determined by comparing two optimally aligned sequences over a comparison window, wherein
the portion of the polynucleotide or polypeptide sequence in the comparison window may
comprise additions or deletions (i.e., gaps) as compared to the reference sequence (which does
not comprise additions or deletions) for optimal alignment of the two sequences. The percentage
is calculated by determining the number of positions at which the identical nucleic acid base or
amino acid residue occurs in both sequences to yield the number of matched positions, dividing
the number of matched positions by the total number of positions in the window of comparison
and multiplying the result by 100 to yield the percentage of sequence identity. When percentage
of sequence identity is used in reference to proteins or peptides, it is recognized that residue
positions that are not identical often differ by conservative amino acid substitutions, where
amino acid residues are substituted for other amino acid residues with similar chemical
properties (e.g., charge or hydrophobicity) and therefore do not change the functional properties
of the molecule. Where sequences differ in conservative substitutions, the percent sequence
identity may be adjusted upwards to correct for the conservative nature of the substitution.
Means for making this adjustment are well known to those of skill in the art. Typically this
involves scoring a conservative substitution as a partial rather than a full mismatch, thereby
increasing the percentage sequence identity. Thus, for example, where an identical amino acid is
given a score of 1 and a non-conservative substitution is given a score of zero, a conservative

substitution is given a score between zero and 1. The scoring of conservative substitutions is
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calculated according to, e.g., the algorithm of Meyers & Miller, Computer Applic. Biol. Sci.
4:11-17 (1988) e.g., as implemented in the program PC/GENE (Intelligenetics, Mountain View,
California, USA).

[0017] The term "substantial identity" or "substantially identical," as used in the context of
polynucleotide or polypeptide sequences, refers to a sequence that has at least 60% sequence
identity to a reference sequence. Alternatively, percent identity can be any integer from 60% to
100%. Exemplary embodiments include at least: 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%,
92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%, as compared to a reference sequence using the
programs described herein; preferably BLAST using standard parameters, as described below.
One of skill will recognize that these values can be appropriately adjusted to determine
corresponding identity of proteins encoded by two nucleotide sequences by taking into account

codon degeneracy, amino acid similarity, reading frame positioning and the like.

[0018] For sequence comparison, typically one sequence acts as a reference sequence to which
test sequences are compared. When using a sequence comparison algorithm, test and reference
sequences are entered into a computer, subsequence coordinates are designated, if necessary, and
sequence algorithm program parameters are designated. Default program parameters can be
used, or alternative parameters can be designated. The sequence comparison algorithm then
calculates the percent sequence identities for the test sequences relative to the reference

sequence, based on the program parameters.

[0019] A "comparison window," as used herein, includes reference to a segment of any one of
the number of contiguous positions selected from the group consisting of from 20 to 600, usually
about 50 to about 200, more usually about 100 to about 150 in which a sequence may be
compared to a reference sequence of the same number of contiguous positions after the two
sequences are optimally aligned. Methods of alignment of sequences for comparison are well-
known in the art. Optimal alignment of sequences for comparison may be conducted by the local
homology algorithm of Smith and Waterman Add. APL. Math. 2:482 (1981), by the homology
alignment algorithm of Needleman and Wunsch J. Mol. Biol. 48:443 (1970), by the search for
similarity method of Pearson and Lipman Proc. Natl. Acad. Sci. (U.S.A.) 85: 2444 (1988), by
computerized implementations of these algorithms (GAP, BESTFIT, BLAST, FASTA, and
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TFASTA in the Wisconsin Genetics Software Package, Genetics Computer Group (GCGQG), 575

Science Dr., Madison, WI), or by manual alignment and visual inspection.

[0020] Algorithms that are suitable for determining percent sequence identity and sequence
similarity are the BLAST and BLAST 2.0 algorithms, which are described in Altschul ef al.
(1990) J. Mol. Biol. 215: 403-410 and Altschul ef al. (1977) Nucleic Acids Res. 25: 3389-3402,
respectively. Software for performing BLAST analyses is publicly available through the
National Center for Biotechnology Information (NCBI) web site. The algorithm involves first
identifying high scoring sequence pairs (HSPs) by identifying short words of length W in the
query sequence, which either match or satisfy some positive-valued threshold score T when
aligned with a word of the same length in a database sequence. T is referred to as the
neighborhood word score threshold (Altschul ef a/, supra). These initial neighborhood word hits
acts as seeds for initiating searches to find longer HSPs containing them. The word hits are then
extended in both directions along each sequence for as far as the cumulative alignment score can
be increased. Cumulative scores are calculated using, for nucleotide sequences, the parameters
M (reward score for a pair of matching residues; always >0) and N (penalty score for
mismatching residues; always <0). For amino acid sequences, a scoring matrix is used to
calculate the cumulative score. Extension of the word hits in each direction are halted when: the
cumulative alignment score falls off by the quantity X from its maximum achieved value; the
cumulative score goes to zero or below, due to the accumulation of one or more negative-scoring
residue alignments; or the end of either sequence is reached. The BLAST algorithm parameters
W, T, and X determine the sensitivity and speed of the alignment. The BLASTN program (for
nucleotide sequences) uses as defaults a word size (W) of 28, an expectation (E) of 10, M=1,
N=-2, and a comparison of both strands. For amino acid sequences, the BLASTP program uses
as defaults a word size (W) of 3, an expectation (E) of 10, and the BLOSUMG62 scoring matrix
(see Henikoff & Henikoff, Proc. Natl. Acad. Sci. USA 89:10915 (1989)).

[0021] The BLAST algorithm also performs a statistical analysis of the similarity between two
sequences (see, e.g., Karlin & Altschul, Proc. Nat'l. Acad. Sci. USA 90:5873-5787 (1993)). One
measure of similarity provided by the BLAST algorithm is the smallest sum probability (P(N)),
which provides an indication of the probability by which a match between two nucleotide or

amino acid sequences would occur by chance. For example, a nucleic acid is considered similar
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to a reference sequence if the smallest sum probability in a comparison of the test nucleic acid to
the reference nucleic acid is less than about 0.01, more preferably less than about 107, and most

preferably less than about 10°%°.

[0022] A polynucleotide sequence is "heterclogous" to an organism or a second polynucleotide
sequence if it originates from a foreign species, or, if from the same species, is modified from its
original form. For example, when a promoter is said to be operably linked to a heterologous
coding sequence, it means that the coding sequence is derived from one species whereas the
promoter sequence is derived another, different species; or, if both are derived from the same
species, the coding sequence is not naturally associated with the promoter (e.g., is a genetically
engineered coding sequence, e.g., from a different gene in the same species, or an allele from a

different ecotype or variety).

[0023] An "expression cassette" refers to a nucleic acid construct, which when introduced into
a host cell, results in transcription and/or translation of a RNA or polypeptide, respectively.
Antisense constructs or sense constructs that are not or cannot be translated are expressly
included by this definition. One of skill will recognize that the inserted polynucleotide sequence
need not be identical, but may be only substantially similar to a sequence of the gene from which

it was derived.

[0024] The term "promoter," as used herein, refers to a polynucleotide sequence capable of
driving transcription of a coding sequence in a cell. Thus, promoters used in the polynucleotide
constructs of the invention include cis-acting transcriptional control elements and regulatory
sequences that are involved in regulating or modulating the timing and/or rate of transcription of
a gene. For example, a promoter can be a cis-acting transcriptional control element, including an
enhancer, a promoter, a transcription terminator, an origin of replication, a chromosomal
integration sequence, 5' and 3' untranslated regions, or an intronic sequence, which are involved
in transcriptional regulation. These cis-acting sequences typically interact with proteins or other
biomolecules to carry out (turn on/off, regulate, modulate, efc.) gene transcription. A
"constitutive promoter" is one that is capable of initiating transcription in nearly all tissue types,
whereas a "tissue-specific promoter" initiates transcription only in one or a few particular tissue
types. An "inducible promoter" is one that initiates transcription only under particular

environmental conditions or developmental conditions.
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[0025] The term "plant" includes whole plants, shoot vegetative organs and/or structures (e.g.,
leaves, stems and tubers), roots, flowers and floral organs (e.g., bracts, sepals, petals, stamens,
carpels, anthers), ovules (including egg and central cells), seed (including zygote, embryo,
endosperm, and seed coat), fruit (e.g., the mature ovary), seedlings, plant tissue (e.g., vascular
tissue, ground tissue, and the like), cells (e.g., guard cells, egg cells, trichomes and the like), and
progeny of same. The class of plants that can be used in the method of the invention is generally
as broad as the class of higher and lower plants amenable to transformation techniques, including
angiosperms (monocotyledonous and dicotyledonous plants), gymnosperms, ferns, and
multicellular algae. It includes plants of a variety of ploidy levels, including aneuploid,

polyploid, diploid, haploid, and hemizygous.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] FIG. 1 PSR2 affects the accumulation of specific 21-nt siRNAs in Arabidopsis.

[0027] FIG. 1A Mutants defective in secondary siRNA production and a transgenic line
expressing PSR2 (PSR2-5) are hypersusceptible to Phytophthora capsici. Arabidopsis plants
were inoculated with zoospore suspensions of P. capsici isolate LT263. Photos were taken at 3

days post inoculation (dpi). Arrows indicate inoculated leaves. WT: wild-type Col-0.

[0028] FIG. 1B Disease severity index (DSI) and pathogen biomass in inoculated Arabidopsis
plants at 3 dpi. Values are mean+=SEM of three biological replicates. Student’s t-test was used for
comparisons (mutants versus WT). * and ** label results that are statistically different at p < 0.05

or p <0.01. More than 20 leaves were inoculated in every biological replicate (N>20).

[0029] FIG. 1C Size distribution of total small RNAs in WT and PSR2-5 plants. Data from

two biological replicates are presented.

[0030] FIG. 1D Reads fraction of 21-nt SRNAs in WT and PSR2-5 plants. Percentage of reads
count of miRNAs, and siRNAs produced from Pol IV transcripts (P4siRNA), transposable
elements (TE), protein-coding transcripts (PC), 7AS and PPR transcripts are presented. Data

from two biological replicates are presented.

[0031] FIG. 1E Changes in the abundance (in a logz scale) of 21-nt small RNAs derived from
different classes of transcripts in PSR2-5. P4: RNA polymerase IV; TE: transposable elements;
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PC: protein-coding genes; tasiRNA: frans acting siRNAs; PPR: pentatricopeptide repeat protein-

coding genes.

[0032] FIG. 1F Secondary siRNAs generated from PPR, TAS and NB-LRR loci in WT and
PSR2-5 plants. The number in each plot indicates the scale of SRNA reads count derived from

each locus.

[0033] FIG. 2 Secondary siRNAs generated from a cluster of PPR genes contribute to

Arabidopsis resistance to P. capsici.

[0034] FIG. 2A Northern blotting showing induced accumulation of miR161 and two
representative PPR-derived secondary siRNAs in wild-type Col-0 (WT) plants during P. capsici
infection (0-24 hours post inoculation with zoospore suspensions). Numbers represent relative
signal intensities. U6 was used as a loading control. Water was used as the “mock” treatment.

Similar results were obtained from two biological replicates. See also Figure 7A-D.

[0035] FIG. 2B Northern blotting showing that the abundance of miR161 and miR393

remained unchanged in bak//serk4 mutant after inoculated with P. capsici.

[0036] FIG. 2C miR161 is a positive regulator of plant immunity. The abundance of two PPR-
derived siRNAs was determined in WT, M/R1610x and MIR161cri plants by northern blotting.
Disease severity index (DSI) of WT, MIR/610x and MIR161cri plants was determined at 3 days
after zoospore inoculation by P. capsici. Values are mean+SEM of three biological replicates.
Student’s t-test was used for comparisons (mutants versus WT). Statistically significant results
are labeled with * (p <0.05). N>20. Northern blotting was used to examine the abundance of two
PPR-derived siRNAs determined in WT, M/R1610x and MIR161cri plants. See also Figure 8A-J.

[0037] FIG. 2D MIR173cri mutants are hypersusceptible to P. capsici. The abundance of two
PPR-derived siRNAs was evaluated in WT and the mutants. DSI was determined at 3 dpi.
Values are mean+=SEM of three biological replicates. Student’s t-test was used for comparisons
(mutants versus WT). Statistically significant results are labeled with * (p < 0.05). N>20. The
abundance of two PPR-derived siRNAs was evaluated in WT and M/R!73cri mutants. See also
Figure 8A-J.
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[0038] FIG. 2ZE Secondary siRNA-producing PPR genes contribute to Arabidopsis resistance
to P. capsici. DSI of eight PPR mutants was determined at 3 dpi. Values are mean+SEM of three
biological replicates. Student’s t-test was used for comparisons (mutants versus WT). * labels

results that are statistically different at p < 0.05. N>20. See also Figure 9.
[0039] FIG 3 A PPR-derived siRNA silences a gene in Phytophthora to confer resistance.

[0040] FIG 3A A flow chart describing the experimental procedure of the functional analysis
of PPR-derived siRNAs.

[0041] FIG 3B Base pairing of the PPR-derived siR1310 and siR0513 with their predicted
target site in Phyca 554980 of P. capsici (SEQ ID NOS 1409-1412, respectively, in order of
appearance). See also Figure 10A-C.

[0042] FIG 3C Quantitative RT-PCR determining the transcript abundances of Phyca 554980
and Phyca 538731 (an off-target control) in P. capsici transformants harboring synthesized
siR1310. P. capsici transformed with siRGFP was used as a negative control. Values are

mean+SEM of three biological replicates. See also Figure 11A-G.

[0043] FIG 3D Numbers of sporangia produced by wild-type (WT) or transformants of P.
capsici harboring siR1310 or siRGFP. Sporangia formation of P. capsici strains. Mycelium plugs
were cultured in V8 medium for 2 days before sporangia were induced in sterilized water for 1
day in the dark. Number of sporangia were counted from four randomly selected fields of view
under a microscope for each strain. Bars=200 um. Arrows indicate sporangia. Values are
meantSEM of three biological replicates. One-way ANOVA and post-hoc Tukey testing were
used for statistical comparison. Different letters indicate significant differences (p < 0.05). See

also Figure 11A-G.

[0044] FIG 3E P. capsici transformants carrying siR1310 are no longer able to infect .
benthamiana.  Mycelial plugs were used to inoculated detached leaves of N. benthamiana.
Photos of inoculated leaves were taken at 3 dpi under UV to better visualize the lesions. Lesion
sizes are presented as mean+SEM of three replicates. One-way ANOVA and post-hoc Tukey
testing were used for statistical comparison. Different letters indicate significant differences (p <
0.05).
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[0045] FIG 3F Quantitative RT-PCR determining the abundances of siR1310 in leaves or
extracellular vesicles (EV) of WT and PSR2-5 Arabidopsis plants with or without P. capsici

infection. Values are mean+SEM of three biological replicates.

[0046] FIG 3G Transcript abundances of Phyca 554980 in wild-type (WT), MIRI1610x, PSR2-
5 and rdr6 plants inoculated with P. capsici. The transcript levels at 1 dpi were determined by
qRT-PCR. Values are mean=SEM of three biological replicates. Student’s t-test was used for

comparisons (mutants versus WT).
[0047] FIG. 4 PPR-derived siR1310 silences a reporter gene during Phytophthora infection.

[0048] FIG. 4A Schematic illustration of the construction of mRFP reporters containing either
a target site of siR1310 (t-mRFP) or a mutated version of the target site (mt-mRFP).

[0049] FIG. 4 B- FIG. 4 C Red fluorescence intensity were monitored during P. capsici
infection of WT, MIR161ox, or MIR16[cri Arabidopsis plants. Because the t-mRFP and mt-
mRFP constructs were independently transformed into P. capsici, their basal mRFP expression
levels were different. Photos were taken at 2 dpi. Bars=20 um. Values shown in panel C are
mean+SEM. One-way ANOVA and post-hoc Tukey testing were used for statistical comparison.
Different letters indicate values that are statistically different (p <0.05). N >8.

[0050] FIG. 4D mREP transcript levels of the P. capsici strains infecting wild-type (WT),
MIR1610x and MIRI161cri plants were determined by qRT-PCR. Values are mean+=SEM of at
least four replicates. Student’s t-test was used for comparisons (mutants versus WT). * represents
statistical difference (p <0.05); NS represents no statistical difference. Because t-mRFP and mt-
mRFP constructs were independently transformed into P. capsici, their basal mRFP expression

levels were different. See also Figurel 1A-G.
[0051] FIG. 5 PSR2 associates with DRB4 in Arabidopsis.

[0052] FIG. SA Schematic representation of the domain structure of PSR2 and DRB4. PSR2
has seven tandem repeat units consisting of W, Y and/or L motifs. S: secretion signal; R: RxXLR

domain. DRB4 has two double-stranded RNA-binding motifs (dIsSRBM) at the N-terminus.

[0053] FIG. 5B The two dsRNA-binding domains of DRB4 mediate interaction with PSR2 in
planta. Flag-PSR2, DRB4-YFP, and DRB4 truncates were transiently expressed in V.
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benthamiana. Total proteins were extracted and PSR2 was pulled down using anti-Flag agarose
beads. Enrichment of DRB4 or its truncated mutants in the immune complexes was detected by
western blotting. * labels corresponding protein band. The gel stained with Coomassie Brilliant

Blue (CBB) was used as a loading control.

[0054] FIG. SCWY1 and LWY2 are necessary and sufficient for PSR2 interaction with
DRB4. PSR2, PSR2AWY 1, PSR2ALWY?2, and PSR2ZWY 1+LWY2 were fused with a flag tag
and individually expressed in N. benthamiana together with DRB4-YFP. Enrichment of DRB4 in
the immune complexes pulled down by anti-Flag agarose beads was detected by western
blotting. * labels corresponding protein band in each lane. The arrowhead labels signals

corresponding to DRB4.

[0055] FIG. 5D WY1 and LWY?2 are necessary and sufficient for the transgene silencing
suppression activity of PSR2. Leaves of N. benthamiana 16¢ plants were co-infiltrated with
Agrobacterium carrying 355:GFP and 355:PSR2 constructs. Pictures were taken 5 days after
Agrobacterium infiltration. EV: Empty vector. See also Figure 12A-D.

[0056] FIG. 5E Virulence activities of PSR2 and its derivatives were examined on N.
benthamiana leaves inoculated with mycelial plugs of P. capsici strain LT263. Lesions were
visualized under a UV lamp at 3 days post inoculation and lesion sizes were measured. YFP was
used as a control. Values are mean+=SEM. Different letters indicate statistically different values

(p<0.01). See also Figure 12A-D.

[0057] FIG. 5F Reduced dsRNA cleavage in PSR2-5 and a drb4 mutant plants. In vitro
synthesized 510-bp dsRNAs were labeled with **P, and then incubated with crude protein
extracts. The cleavage products were analyzed by electrophoresis. A 22-nt DNA end-labeled
with *?P and a dsRNA ladder were used as size markers. The arrow labels the 510-bp dsRNAs
and the arrowhead labels SRNA products. Numbers represent the relative abundances of the
sRNA products with the level in wild-type (WT) set to 1. Total proteins in the crude extracts
were analyzed on SDS-PAGE and stained with Coomassie Brilliant Blue (CBB) as a loading

control.

[0058] FIG. 6 A drb4 mutant phenocopies PSR2-expressing plants.
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[0059] FIG. 6A drb4 and PSR2-5 plants were hypersusceptible to P. capsici. Roots of 14-day-
old seedlings were inoculated by zoospore suspensions and the photos were taken at 3 dpi. This
phenotype was complemented by introducing DRB4-YFP under its native promoter into the drb4
mutant. See also Figurel2A-D.

[0060] FIG. 6B Five-week-old drb+4 and PSR2-5 plants exhibited a similar curly/narrow leaf
phenotype.

[0061] FIG. 6C Venn diagram showing PPR loci with reduced secondary siRNA production in
rdr6, drb4 and PSR2-5 plants compared to wild-type Arabidopsis respectively.

[0062] FIG. 7A-D Accumulation of secondary siRNA-triggering miRNAs and tasiRNA in

Arabidopsis during P. capsici infection, related to Figure 2.

[0063] FIG. 7A Quantitative RT-PCR showing transcript abundances of pri-miRNAs in wild-
type Arabidopsis Col-0 during P. capsici infection at 0, 3, 6 and 12 hours post inoculation (hp1).

Values are meantSD. Water was used as a mock treatment.

[0064] FIG. 7B Northern blotting showing the abundances of miR173, miR390 and miR393
during P. capsici infection in wild-type (WT) Arabidopsis plants. Numbers represent relative

signal intensities. U6 was used as a loading control.

[0065] FIG. 7C Sequence alignment of two PPR-siRNAs. PPR-siRNA-1 and PPR-siRNA-2
were used as representatives to show abundance changes in Arabidopsis (SEQ ID NOS 1413-
1434, respectively, in order of appearance). Similar sequences could be produced from multiple

PPRloci.

[0066] FIG. 7D Northern blotting showing the abundances of two tasiRNAs (siR255 and
siR1511) during P. capsici infection (0-24 hours post inoculation). The production of these
tasiRNAs is triggered by miR173. Water was used as a mock treatment. U6 served as a loading

control. Numbers represent relative signal intensities.
[0067] FIG. 8A-J. Disease susceptibility of miR161 and miR173 mutants, related to Figure 2.

[0068] FIG. 8A Sequences in the foldback region of pri-miR161 in wild-type (WT) and
MIRI161crilines (SEQ ID NOS 1435-1440, respectively, in order of appearance). The sequences

in purple correspond to miR161. M/R161cri-7 has one nucleotide insertion (in red), which
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reduces, but not abolishes miR161 production. MIR/61cri-8 has a deletion of six nucleotides,

abolishing miR161 production.

[0069] FIG. 8B Northern blotting showing the abundance of miR161 in wild-type Arabidopsis
(WT), MIR161 over-expression lines (MIR1610x), and crispr mutants (MIR/61cri) lines.

Numbers represent relative signal intensities. U6 was used as a loading control.

[0070] FIG. 8C Disease symptoms of WT, MIR1610ox and MIRI6cri plants after inoculated
with P. capsici zoospore suspension. Photos were taken at 3 dpi. Arrows indicate inoculated

leaves.

[0071] FIG. 8D Northern blotting showing the increased accumulation of miR173 and
tasiRNAs (represented by siR1511) in MIR173 over-expression lines (MIR1730x). However, the
abundance of PPR-derived siRNAs (represented by PPR-siRNA-2) was not increased. Numbers

represent relative signal intensities. U6 was used as a loading control.

[0072] FIG. 8E MIR1730x plants exhibited similar susceptibility to wild-type (WT) when
inoculated with P. capsici zoospore suspension. DSI was determined at 3 dpi. Values are

mean+=SEM of three biological replicates.

[0073] FIG. 8F Northern blotting showing the increased accumulation of miR390 in AM/R390

over-expression (MIR390o0x) lines.

[0074] FIG. 8G MIR3900x plants exhibited similar susceptibility to wild-type (WT) when
inoculated with P. capsici zoospore suspension. DSI was determined at 3 dpi. Values are

mean+=SEM of three biological replicates.

[0075] FIG. 8H Sequences in the foldback region of MIR/73 in wild-type and MIR{73cri lines
(SEQ ID NOS 1441-1446, respectively, in order of appearance). miR173 can be generated from
both purple regions. Mutated nucleotides in M/R/73cri-3 are highlighted in red. In addition to
mutations, MIR173cri-T also have a deletion of ten nucleotides, leading to abolishment of

miR 173 production.

[0076] FIG. 81 Northern blotting showing the diminished accumulation of tasiRNAs
(represented by siR255 and siR1511) in M/R173cri mutants. Numbers represent relative signal

intensities. U6 was used as a loading control.
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[0077] FIG. 8J Symptoms of MIR!73cri mutants after P. capsici infection. Photos were taken at 3 dpi.

Arrows indicate inoculated leaves.

[0078] FIG. 9A-C Characterization of the T-DNA insertion mutants of eight PPR genes that

can generate secondary siRNAs, related to Figure 2.

[0079] FIG. 9A Schematic maps of the T-DNA insertion site in each mutant and the locations
of the primers used for quantitative RT-PCR. Black arrows label the predicted target sites of
miR161. White arrows label the predicted target sites of tasiRNAs.

[0080] FIG. 9B Quantitative RT-PCR measuring the transcript levels of the corresponding

PPR gene in each mutant. Values are mean+SD of at least three replicates.

[0081] FIG. 9C Discase symptoms of the mutants after P. capsici inoculation. Photos were taken at 3

dpi. Inoculated leaves were removed from the plants at 3 dpi to better show the symptoms.

[0082] FIG. 10A-C Potential targets of PPR-derived siRNAs in Arabidopsis and
Phytophthora, related to Figure 3.

[0083] FIG. 10A Venn diagram showing a minimal overlap between genes up-regulated in
PSR2-5 plants, compared to wild-type Arabidopsis Col-0, and the genes predicted to contain
target site(s) of PPR-derived siRNAs.

[0084] FIG. 10B A list showing the 11 genes that are up-regulated in PSR2-5 and are also
potential targets of PPR-derived siRNAs. Only two of the 11 genes contain PPR domains in their
deduced amino acid sequences. Atlg12775 can also produce siRNAs, but it is not in the gene

cluster that produces the large majority of PPR-derived siRNAs.

[0085] FIG. 10C Amino acid sequence alignment of homologs of Phyca 554980 encoded
protein in Phytophthora species P. capsici, P. parasitica, P. infestans, P. ramorum, P.
cinnamomi, and P. sojae (from the top to the bottom in the alignment) (SEQ ID NOS 1447-1452,
respectively, in order of appearance). The protein sequences were identified using FungiDB

(http://fungidb.org/fungidb/). Highlighted areas represent highly conserved sequences.

[0086] FIG. 11A-G Target gene silencing and developmental defects of P. capsici

transformants carrying siR1310, related to Figure 3.
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[0087] FIG. 11A Quantitative RT-PCR of the predicted target gene Phyca 554980 in ten
independent transformants of P. capsici that potentially carry siR1310. Transformants potentially

carrying siRGFP were used as controls. Values are mean+SEM.

[0088] FIG. 11B Insufficient base pairing of the PPR-derived siR1310 and siR0513 with their
predicted off-target Phyca 538731 of P. capsici (SEQ ID NOS 1453-1456, respectively, in order

of appearance).

[0089] FIG. 11C Mycelium growth of two siR1310 transformants with largely reduced
transcript levels of the target gene Phyca 554980. P. capsici strains were grown on V8 plates.
Pictures were taken after 5 days of growth. Transformants carrying siRGFP and wild-type (WT)

strain were used as controls.

[0090] FIG. 11D Mycelium growth rate (shown as colony diameters) of P. capsici strains.
Values are meantSEM. Different letters indicate values that are statistically different (p < 0.05).

[0091] FIG. 11E Number of zoospores produced by P. capsici strains. Sporangia growing in
sterilized water were stressed to release zoospores by illumination for 12 hours and then chilling
at 4°C for 1 hour. Zoospores were counted from four randomly selected fields of view under a
microscope for each strain using a hemocytometer. Values are mean+SEM. Different letters

indicate values that are statistically different (p < 0.05).

[0092] FIG. 11F Quantitative RT-PCR showing the level of siR0513 in WT and PSR2-5 plants
in EVs isolated from leaves tissues. Values are mean+SEM. * and ** label results that are

statistically different with the WT value at p <0.05 or p <0.01.

[0093] FIG. 11G Stem loop qPCR showing the level of siR1310 in MIR1610x and MIR16cri
mutant plants compared to wild-type (WT) Arabidopsis. Values are mean+SEM. * and ** label
results that are statistically different with the WT value at p <0.05 or p <0.01.

[0094] FIG. 12A-D The RNAi suppression activity of PSR2 depends on its association with
DRBA4, related to Figure 5 and 6.

[0095] FIG. 12A Western blotting showing the abundance of GFP proteins in N. benthamiana
16c leaves expressing wild-type or truncated PSR2. Total proteins were extracted from leaves

infiltrated with Agrobacterium carrying 355-GIFP and another strain carrying either the pEG100
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empty vector (EV) or various truncates of PSR2-Flag at 5 dpi. Coomassie Brilliant blue staining

(CBB) was used as loading control.

[0096] FIG. 12B Western blotting showing the protein levels of PSR2 or its derivatives in the
infiltrated leaves. Total proteins were extracted from infiltrated leaves at 2 days after Agro-
infiltration and the proteins were detected by anti-Flag antibody. Coomassie Brilliant blue

staining (CBB) was used as loading control.

[0097] FIG. 12C YFP-PSR2 and DRB4-YFP were expressed in N. benthamiana through
Agrobacterium-mediated transient expression. Total proteins were extracted from the infiltrated
leaves with treatment of RNase III and the immune complexes were pulled-down using anti-GFP
magnetic beads. The immuno-precipitated proteins were then incubated with in vitro synthesized
dsRNA (510-bp in length). dSRNA enriched on the beads was extracted using Trizol/chloroform
and then analyzed on 2% agarose gel along with Ethidium bromide staining. YFP was used as a
negative control. The Arrowhead shows the position of the 510-bp dsSRNA. Protein levels of
immuno-precipitated YFP, PSR2 and DRB4 were confirmed by western blotting using anti-GFP
antibody.

[0098] FIG. 12D Detached leaves from four-week-old plants of wild-type (WT), PSR2-5, drb4
and a complementation line of drb4 (DRB4 expressed under its native promoter) were inoculated
with zoospore suspensions of P. capsici strain LT263. Inoculated leaves were stained with trypan
blue to visualize the lesions at 3 dpi. Disease severity index (DSI) was also determined. Values

are mean+SD. * labels results that are statistically different at p <0.05.

[0099] FIG. 13. A model illustrating an arms race centered on host-induced gene silencing in
Arabidopsis during Phytophthora infection. Phytophthora capsici can be recognized by
Arabidopsis in a BAK1-dependent manner, likely by receptor localized on the cell surface.
miR161 is induced upon this recognition and the increased accumulation of miR161 leads to
increased production of secondary siRNAs from a small number of PPR transcripts. PPR-
derived siRNA production is also affected by miR173-dependent tasiRNAs. These PPR-derived
siRNAs confer resistance to P. capsici, likely through extracellular vesicle mediated
transportation and conferring targeted gene(s) silencing in the pathogen. As a counter-defense

strategy, some Phytophthora species evolved effectors possessing RNA silencing suppression
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activity. In particular, PSR2 associates with the host protein DRB4 and interferes with secondary

siRNA production from specific loci, especially the PPR loci, to promote the infection.

[0100] FIG. 14: Schematic illustration of inoculation method and construction of at1g62914m
(SEQ ID NOS 1457-1459, respectively, in order of appearance). A codon encoding a tyrosine

(Y144) was mutated into a stop codon.

[0101] FIG. 15: Nicotiana benthamiana leaves expressing both atMIR161 and at1g62914m
produced a much higher amount of siRNAs derived from at1g62914m transcripts.

[0102] FIG. 16: Plants producing antimicrobial siRNAs exhibited enhanced resistance to P.
capsici. Leaves of Nicotiana benthamiana that express atMIR 161, at1g62914m, or

atMIR 161+at1g62914m were inoculated with Phytophthora capsici strain LT263. Disease
severity was evaluated at 3 days post inoculation. The results show that plants expressing
atMIR161+at1g62914m exhibited much enhanced resistance to P. capsici. This experiment was
repeated three times with similar results. Images of representative inoculated leaves (two per
treatment) are shown below (Panel A). Lesion size of each inoculated leaf was measured and
analyzed (Panel B). Please note that not all leaves expressed the same amount of atMIR 161

and/or at1g62914m transcripts, hence the variation within the same treatment.

DETAILED DESCRIPTION OF THE INVENTION
[0103] The inventors have discovered that certain miRNAs, when expressed in a plant, induce
resistance to certain pathogens (including filamentous eukaryotic pathogens such as
Phytophthora and Verticilium.) For example, expression of an miRNA161 family member in a
plant is effective in increasing resistance to Phytophthora pathogens. Without intending to be
bound by a certain mechanism of action, it is believed that expression of the miRNA results in
causing production in the plant of numerous siRNAs, some of which are effective causing plant
resistance to the pathogens. In some embodiments, the pathogen is Phyfophthora. In some
embodiments, the pathogen is an comycete. In some embodiments, the pathogen is an
ascomycete. In some embodiments, the pathogen is a hemi-ascomycete. In some embodiments,

the pathogen is a basidiomycete.
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[0104] Accordingly, in some embodiments, plants that heterologously express the miRNA are
provided. In some embodiments, transgenic plants can be generated that comprise an expression
cassette comprising a promoter operably linked to a polynucleotide encoding the miRNA. In
some embodiments, the promoter is heterologous to the polynucleotide encoding the miRNA.
For example in some embodiments, the promoter is not endogenously linked to the
polynucleotide, or is a modified form from the endogenous promoter (e.g., such that expression
of the polynucleotide is increased). In some embodiments, the promoter is from the same
species as the transgenic plant. In some embodiments, the promoter is from a different plant
species. In some embodiments, the polynucleotide is from the same plant species or is
substantially identical to a polynucleotide from the same plant species. In some embodiments,
the polynucleotide is from a different plant species from the transgenic plant or is substantially

identical to the polynucleotide from a different plant species.

[0105] Exemplary miRNA161 sequences include but are not limited (i) to those listed below or
(ii) to RNA sequences substantially identical to those listed below or (iii) to RNA sequences that
include 1, 2, 3, 4 or 5 nucleotide changes compared to any of the sequences below:

SEQ ID NO:1 >ath-MIR161.1 Arabidopsis thaliana
UGAAAGUGACUACAUCGGGGU

SEQ ID NO:2 >pav-miR161.1 Prunus avium L.
UUGAAAGUGAAAACAUCAGGC

SEQ ID NO:3 >Aca-miR161.1 Azolla caroliniana
UGAAAGUGACUACAUCGGGGU

SEQ ID NO:4 >Asp-miR161.1 Alsophila spinulosa
UGAAAGUGACUACAUCGGGGU

SEQ ID NO:5 >Cfo-miR161.1 Cyrtomium fortunei
UGAAAGUGACUACAUCGGGGU

SEQ ID NO:6 >Pnu-miR161.1 Psilotum nudum
UGAAAGUGACUACAUCGGGGU

SEQ ID NO:7>Scu-miR161.1 Salvinia cucullata
UGAAAGUGACUACAUCGGGGU

SEQ ID NO:8>Smo-miR161.1 Salvinia molesta
UGAAAGUGACUACAUCGGGGU



PCT/US2019/044971

21

-miR161.1 Vandenboschia striata

UGAAAGUGACUACAUCGGGGU

WO 2020/028850
SEQ ID NO:11>Era-miR161.1 Equisetum ramosissimum

UGAAAGUGACUACAUCGGGGU

SEQ ID NO:10>Isi-miR161.1 Isoetes sinensis

UGAAAGUGACUACAUCGGGGU

SEQ ID NO:9>Vst
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SEQ ID NO:12

miR 161 Camelina sativa

UCAAUGCAUUGAAAGUGACUA
17>dlo-miR161.2 Dimocarpus longan

CAAUUGCAUUGAAAGCUGCUA

16>cas-

{UGAAAGUGA(C/A)U/A)ACAUC(G/A)GG(G/C)}
SEQ ID NO:13 >ath-MIR161.2 Arabidopsis thaliana

UCAAUGCAUUGAAAGUGACUA
SEQ ID NO:18>pav-miR161.2 Prunus avium L.

UUAAGGAAUUGAAAGUGAAAA

SEQ ID NO:14>bna-miR161 Brassica napus
UCAAUGCACUGAAAGUGACUA

SEQ ID NO:15>bra-miR161-5p Brassica rapa
UCAAUGCACUGAAAGUGACUA
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[0106] In some embodiments, one or more PPR transcript that serves as a target for miR161 is
also expressed in the plant. In some embodiments, the PPR transcript is a P-type PPR transcript.
See, e.g., Barkan, Annu. Rev. Plant Biol. 2014.65:415-442. In some embodiments, the PPR
transcript(s) is in the Rf-like (or RFL, “RF” stands for “restorer of fertility”’) sub-clade of PPR-P
genes. Related information of RF-like PPR genes, and RF-like transcripts, can be found in Dahan
and Mireau, RNA Biology 10:9, 1469-1476, September 2013 as well as in Fujii et al., Proc. Natl.
Acad. Sci. USA January 25, 2011, vol. 108, no. 4, pp. 1723-1728, including supplemental Table
1 therein listing a number of Rf-like PPR genes. Howell (7he Plant Cell, Vol. 19: 926942,
March 2007) describes siRNAs that are specifically generated from PPR-P genes in Arabidopsis
and other plant species. The PPR transcript will contain one or more (e.g., 2, 3,4, 5,6, 7, or
more) sequences encoding anti-pathogen siRNAs. Exemplary anti-pathogen siRNAs are
displayed for example in Table S3 as depicted in Hou, et al., A Phytophthora Effector Suppresses
Trans-Kingdom RNAi to Promote Disease Susceptibility, 25(1) Cell Host & Microbe 153-165
(Jan. 9, 2019) or in U.S. Provisional Patent Application No. 62/714,342. Table S1 provides a
listing of various Arabidopsis PPR transcripts. In some embodiments, the ant-pathogen siRNAs

target one or more of the 249 P. capsici gene sequences as depicted in Table S4.

[0107] In some embodiments, the miR161 and the PPR transcript introduced into the plant are
both from the same species. This will allow for optimal ability of the miR161 to generate
siRNAs from the PPR transcript. However, this is optional and in other cases, the miR161
sequence and the PPR transcript are from different plant species. Exemplary sequences encoded
by PPR genes are provided in Table S3 as depicted in Hou, et al., A Phytophthora Effector
Suppresses Trans-Kingdom RNAi to Promote Disease Susceptibility, 25(1) Cell Host & Microbe
153-165 (Jan. 9, 2019). As shown in Example 2, the co-expression of at least one PPR gene with

miR161 increases resistance in the plant to pathogens.

[0108] The isolation of polynucleotides (e.g., miRNA 161 members, PPR transcripts or
promoters) may be accomplished by a number of techniques. For instance, oligonucleotide
probes based on the sequences disclosed here can be used to identify the desired polynucleotide
in a cDNA or genomic DNA library from a desired plant species. To construct genomic
libraries, large segments of genomic DNA are generated by random fragmentation, e.g. using

restriction endonucleases, and are ligated with vector DNA to form concatemers that can be



10

15

20

25

30

WO 2020/028850 PCT/US2019/044971
23

packaged into the appropriate vector. Alternatively, cDNA libraries from plants or plant parts

may be constructed.

[0109] The cDNA or genomic library can then be screened using a probe based upon a
sequence disclosed here. Probes may be used to hybridize with genomic DNA or cDNA
sequences to isolate homologous genes in the same or different plant species. Alternatively,

antibodies raised against a polypeptide can be used to screen an mRNA expression library.

[0110] Alternatively, the nucleic acids of interest can be amplified from nucleic acid samples
using amplification techniques. For instance, polymerase chain reaction (PCR) technology to
amplify the sequences of the genes directly from mRNA, from ¢cDNA, from genomic libraries or
cDNA libraries. PCR and other in vitro amplification methods may also be usetul, for example,
to clone nucleic acid sequences that code for proteins to be expressed, to make nucleic acids to
use as probes for detecting the presence of the desired mRNA in samples, for nucleic acid
sequencing, or for other purposes. For a general overview of PCR see PCR Protocols: A Guide to
Methods and Applications. (Innis, M, Gelfand, D, Sninsky, J. and White, T., eds.), Academic
Press, San Diego (1990).

[0111] Polynuclectides can also be synthesized by well-known techniques as described in the
technical literature. See, e.g., Carruthers et al., Cold Spring Harbor Symp. Quant. Biol. 47:411-
418 (1982), and Adams et al., J. Am. Chem. Soc. 105:661 (1983). Double stranded DNA

fragments may then be obtained either by synthesizing the complementary strand and annealing
the strands together under appropriate conditions, or by adding the complementary strand using

DNA polymerase with an appropriate primer sequence.

[0112] Once a desired polynucleotide sequence is obtained, it can be used to prepare an
expression cassette for expression in a plant. In some embodiments, expression of the
polynucleotide is directed by a heterologous promoter. Any of a number of means well known in
the art can be used to drive expression of the polynucleotide sequence of interest in plants. Any
organ can be targeted, such as shoot vegetative organs/structures (e.g. leaves, stems and tubers),
roots, flowers and floral organs/structures (e.g. bracts, sepals, petals, stamens, carpels, anthers
and ovules), seed (including embryo, endosperm, and seed coat) and fruit. Alternatively,
expression can be conditioned to only occur under certain conditions (e.g., using an inducible

promoter).
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[0113] For example, a plant promoter fragment may be employed to direct expression of the
polynucleotide sequence of interest in all tissues of a regenerated plant. Such promoters are
referred to herein as "constitutive" promoters and are active under most environmental
conditions and states of development or cell differentiation. Examples of constitutive promoters
include the cauliflower mosaic virus (CaMV) 358 transcription initiation region, the 1'- or 2'-
promoter derived from T-DNA of Agrobacterium tumafaciens, and other transcription initiation

regions from various plant genes.

[0114] Alternatively, the plant promoter may direct expression of the polynucleotide sequence
of interest in a specific tissue (tissue-specific promoters) or may be otherwise under more precise
environmental control (inducible promoters). Examples of tissue-specific promoters under
developmental control include promoters that initiate transcription only in certain tissues, such as
leaves or guard cells (including but not limited to those described in W(0O/2005/085449; U.S.
Patent No. 6,653,535; Li et al., Sci China C Life Sci. 2005 Apr;48(2):181-6; Husebye, et al.,
Plant Physiol, April 2002, Vol. 128, pp. 1180-1188; and Plesch, et al., Gene, Volume 249,
Number 1, 16 May 2000 , pp. 83-89(7)). Examples of environmental conditions that may affect
transcription by inducible promoters include the presence of a pathogen, anaerobic conditions,

elevated temperature, or the presence of light.

[0115] In some embodiments, the promoter is a constitutive promoter. In some embodiments,
the promoter is an inducible promoter. In some embodiments, the promoter is stress inducible
(e.g., inducible by abiotic stress). In some embodiments, the promoter is pathogen inducible. In
some embodiments, the promoter is induced upon infection by Phytophthora or Verticillium.
Non-limiting examples of pathogen inducible promoters include Botyritis-Induced Kinase 1
(BIK1) and the plant defensing gene PDF1.2. See, e.g., Penninckx ef al., Plant Cell 10:2103-
2113 (1998); see also Veronese ef al., Plant Cell 18:257-273 (20006).

[0116] In some embodiments, a polyadenylation region at the 3'-end of the coding region can
be included. The polyadenylation region can be derived from a variety of plant genes, or from

T-DNA.

[0117] The vector comprising the sequences will typically comprise a marker gene that confers

a selectable phenotype on plant cells. For example, the marker may encode biocide resistance,
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particularly antibiotic resistance, such as resistance to kanamycin, G418, bleomycin,

hygromycin, or herbicide resistance, such as resistance to chlorosluforon or Basta.

[0118] As detailed herein, embodiments of the present invention provide for transgenic plants
comprising recombinant expression cassettes for expressing a polynucleotide sequence as
described herein. In some embodiments, a transgenic plant is generated that contains a complete
or partial sequence of a polynucleotide (e.g., an miRNA161 sequence or a promoter) that is
derived from a species other than the species of the transgenic plant. It should be recognized that
transgenic plants encompass the plant or plant cell in which the expression cassette is introduced
as well as progeny of such plants or plant cells that contain the expression cassette, including the

progeny that have the expression cassette stably integrated in a chromosome.

[0119] In some embodiments, the transgenic plants comprising recombinant expression
cassettes for expressing a polynucleotide sequence as described herein have increased or
enhanced pathogen resistance compared to a plant lacking the recombinant expression cassctte,
wherein the transgenic plants comprising recombinant expression cassettes for expressing the
polynucleotide sequence have about the same growth as a plant lacking the recombinant
expression cassette. Methods for determining increased pathogen resistance are described

below.

[0120] A recombinant expression vector as described herein may be introduced into the
genome of the desired plant host by a variety of conventional techniques. For example, the DNA
construct may be introduced directly into the genomic DNA of the plant cell using techniques
such as electroporation and microinjection of plant cell protoplasts, or the DNA construct can be
introduced directly to plant tissue using ballistic methods, such as DNA particle bombardment.
Alternatively, the DNA construct may be combined with suitable T-DNA flanking regions and
introduced into a conventional Agrobacterium tumefaciens host vector. The virulence functions
of the Agrobacterium tumefaciens host will direct the insertion of the construct and adjacent
marker into the plant cell DNA when the cell is infected by the bacteria. While transient
expression of the polynucleotide sequence of interest is also encompassed by the disclosure,
generally expression will be from insertion of expression cassettes into the plant genome, e.g.,

such that at least some plant offspring also contain the integrated expression cassette.
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[0121] Microinjection techniques are also useful for this purpose. These techniques are well
known in the art and thoroughly described in the literature. The introduction of DNA constructs
using polyethylene glycol precipitation is described in Paszkowski ef al. EMBO J. 3:2717-2722
(1984). Electroporation techniques are described in Fromm et al. Proc. Natl. Acad. Sci. USA
82:5824 (1985). Ballistic transformation techniques are described in Klein et al. Nature 327:70-
73 (1987).

[0122] Agrobacterium tumefaciens-mediated transformation techniques, including disarming
and use of binary vectors, are well described in the scientific literature. See, for example, Horsch

et al. Science 233:496-498 (1984), and Fraley ef al. Proc. Natl. Acad. Sci. USA 80:4803 (1983).

[0123] Transformed plant cells derived by any of the above transformation techniques can be
cultured to regenerate a whole plant that possesses the transformed genotype and thus the desired
phenotype such as enhanced pathogen resistance. Such regeneration techniques rely on
manipulation of certain phytohormones in a tissue culture growth medium, typically relying on a
biocide and/or herbicide marker which has been introduced together with the desired nucleotide
sequences. Plant regeneration from cultured protoplasts is described in Evans et al., Protoplasts
Isolation and Culture, Handbook of Plant Cell Culture, pp. 124-176, MacMillilan Publishing
Company, New York, 1983; and Binding, Regeneration of Plants, Plant Protoplasts, pp. 21-73,
CRC Press, Boca Raton, 1985. Regeneration can also be obtained from plant callus, explants,
organs, or parts thereof. Such regeneration techniques are described generally in Klee et al. Ann.

Rev. of Plant Phys. 38:467-486 (1987).

[0124] After the expression cassette is stably incorporated in transgenic plants and confirmed
to be operable, it can be introduced into other plants by sexual crossing. Any of a number of

standard breeding techniques can be used, depending upon the species to be crossed.

Alternatively, an endogenous promoter sequence can be altered (e.g., by one or more nucleotide
change) to generate a higher expressing promoter. This latter method can involve introduction of
a new expression cassette into the plant or can involve in vivo mutation, for example using a
targeted nuclease (e.g., CRISPR, talens, zinc fingers) in combination with a second
polynucleotide that is introduced by homologous recombination (and optionally a third targeting

polynucleotide).
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[0125] Plant gene manipulations can be precisely tailored in non-transgenic organisms using
the CRISPR/Cas9 genome editing method. In this bacterial antiviral and transcriptional
regulatory system, a complex of two small RNAs - the CRISPR-RNA (crRNA) and the trans-
activating crRNA (tractrRNA) - directs the nuclease (Cas9) to a specific DNA sequence
complementary to the crRNA. Binding of these RNAs to Cas9 involves specific sequences and
secondary structures in the RNA. The two RNA components can be simplified into a single
element, the single guide-RNA (sgRNA), which is transcribed from a cassette containing a target
sequence defined by the user. This system has been used for genome editing in humans,
zebrafish, Drosophila, mice, nematodes, bacteria, yeast, and plants. In this system the nuclease
creates double stranded breaks at the target region programmed by the sgRNA. These can be
repaired by non-homologous recombination, which often yields inactivating mutations. The
breaks can also be repaired by homologous recombination, which enables the system to be used
for gene targeted gene replacement. Promoter mutations can be introduced into plants using the
CASO9/CRISPR system. Accordingly, in some embodiments, instead of generating a transgenic
plant, a native promoter sequence in a plant or plant cell can be altered in situ to generate a plant
or plant cell carrying a polynucleotide comprising a mutated miRNA promoter as described

herein.

[0126] The CRISPR/Cas system has been modified for use in prokaryotic and eukaryotic
systems for genome editing and transcriptional regulation. The "CRISPR/Cas" system refers to a
widespread class of bacterial systems for defense against foreign nucleic acid. CRISPR/Cas
systems are found in a wide range of eubacteria and archaeal organisms. CRJSPR/Cas systems
include type I, 11, and III sub-types. Wild-type type H CRISPR/Cas systems utilize the RNA-
mediated nuclease, Cas9 in complex with guide and activating RNA to recognize and cleave
foreign nucleic acid. Cas9 homologs are found in a wide variety of eubacteria, including, but not
limited to bacteria of the following taxonomic groups: Actinobacteria, Aquificae, Bacteroidetes-
Chlorobi, Chlamydiae-Verrucomicrobia, Chlroflexi, Cvanobacteria, Firmicutes, Proteobacteria,
Spirochaetes, and Thermotogae. An exemplary Cas9 protein is the Strepfococcus pyogenes Cas9
protein. Additional non-limiting examples of Cas9 proteins and homologs thereof have been
described in literature. In some embodiments, the RNA-guided nuclease is a Cpfl nuclease or a

Cas9 nuclease.
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[0127] Accordingly, in one aspect, a method can be provided using CRISPR/Cas9 or Cpfl to
introduce at least one of the promoter mutations described herein into a plant cell. In some
embodiments, a method of altering a (e.g., native) nucleic acid encoding the miRNA in a plant is
described. In some embodiments, the method can comprise introducing into the plant cell an
engineered, non-naturally occurring Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-CRISPR associated (Cas) (CRISPR-Cas) system as well as a guide nucleic acid (e.g.,
RNA) to introduce one or more alteration in an endogenous miRNA promoter. In some
embodiments, the CRISPR-Cas system comprises one or more vectors comprising: (a) a first
regulatory element operable in a plant cell operably linked to at least one nucleotide sequence
encoding a CRISPR-Cas system guide RNA that hybridizes with the target sequence, and (b) a
second regulatory element operable in a plant cell operably linked to a nucleotide sequence
encoding a Type-II Cas9 or Cpf1 protein, wherein components (a) and (b) are located on the
same or different vectors of the system, whereby the guide RNA targets the target sequence and
the Cas9 protein cleaves the DNA molecule, whereby at least one of the promoter mutations

described herein is introduced into the target nucleic acid.

[0128] The expression cassettes and constructs (e.g., expressing an miRNA as described
herein) can be used to confer increased or enhanced pathogen resistance on essentially any plant.
Thus, the methods have use over a broad range of plants, including species from the genera
Asparagus, Atropa, Avena, Brassica, Citrus, Citrullus, Capsicum, Cucumis, Cucurbita, Daucus,
Fragaria, Glycine, Gossypium, Helianthus, Heterocallis, Hordeum, Hyoscyamus, Lactuca,
Linum, Lolium, Lycopersicon, Malus, Manihot, Majorana, Medicago, Nicotiana, Oryza,
Panieum, Pannesetum, Persea, Pisum, Pyrus, Prunus, Raphanus, Secale, Senecio, Sinapis,
Solanum, Sorghum, Trigonella, Triticum, Vitis, Vigna, and Zea. In some embodiments, the plant
is a cotton plant. In some embodiments, the plant is an ornamental plant. In some embodiments,
the plant is a vegetable- or fruit-producing plant. In some embodiments, the plant is a monocot.

In some embodiments, the plant is a dicot.

[0129] Plants (or parts of plants) with increased pathogen resistance can be selected in many
ways. The following methods are but a few of the possibilities. One method of selecting plants
or parts of plants (e.g., fruits and vegetables) with increased pathogen resistance is to determine

resistance of a plant to a specific plant pathogen. Possible pathogens include, but are not limited
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to, viruses, bacteria, nematodes, oomycetes, fungi or insects (see, e.g., Agrios, Plant Pathology
(Academic Press, San Diego, CA) (1988)). Resistance responses of plants vary depending on
many factors, including what pathogen, compound, or plant is used. Generally, increased
resistance is measured by the reduction or elimination of disease symptoms (e.g., reduction in the
number or size of lesions or reduction in the amount of pathogen biomass on the plant or a part
of the plant) when compared to a control plant. In some embodiments, resistance is increased
when the number or sizes of lesions or amount of pathogen biomass on the plant or on a part of
the plant is decreased by at least about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% or
more relative to a control (e.g., relative to a plant in which a heterologous polynucleotide has not

been expressed).

[0130] Increased pathogen resistance can also be determined by measuring the increased
expression of a gene operably linked a defense related promoter. Measurement of such
expression can be measured by quantifying the accumulation of RNA or subsequent protein
product (e.g., using northern or western blot techniques, respectively (see, e.g., Sambrook et al.

and Ausubel ef al.).

EXAMPLES

Example 1
[0131] Plants have evolved complex immunity that must be defeated by pathogens to establish

infection. The destructive eukaryotic pathogen Phytophthora encodes suppressors of RNA
interference (RNA1), but it remains unknown whether they target a specific host RN Ai pathway
that confers resistance. Here, we show that Phytophthora infection of Arabidopsis plants leads to
increased production of a diverse pool of secondary siRNAs. Instead of regulating endogenous
genes, these siRNAs are found in extracellular vesicles and silence target genes in Phytophthora
during natural infection. Introduction of a plant siRNA in Phytophthora leads to developmental
deficiency and abolished virulence while Arabidopsis mutants defective in secondary siRNA
biogenesis are hypersusceptible. Notably, we show that the Phytophthora RNA1 suppressor
PSR2 specifically inhibits secondary siRNA biogenesis in Arabidopsis and promotes infection.
These findings reveal siRNAs as antimicrobial agents targeting eukaryotic pathogens and
highlight a defense/counter-defense arms race centered on trans-kingdom gene silencing between

hosts and pathogens.
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[0132] Here, we report that Phytophthora infection induces the production of a diverse pool of
secondary siRNAs from specific transcripts in Arabidopsis. These siRNAs function as a
collection of antimicrobial agents and silence target genes in Phyfophthora during infection. As a
counter-defense mechanism, PSR2 blocks this host-induced gene silencing by suppressing the
biogenesis of specific secondary siRNAs. Thus, hosts and pathogens are engaged in an arms race

centered on cross-kingdom RNAi-based immunity.

Results
Secondary siRNA pathway is required for Arabidopsis defense against Phytophthora
[0133] In Arabidopsis, RNA-dependent RNA polymerase 6 (RDR6) and Suppressor of Gene

Silencing 3 (SGS3) are responsible for the synthesis of long dsRNA precursors from miRNA-
targeted transcripts and thereby are key components of secondary siRNA production (Adenot et
al., 2006; Peragine et al., 2004). Infection assays using Phytophthora capsici strain LT263,
which does not have a PSR2 homolog, showed that rdr6 and sgs3 mutants are hypersusceptible,
with the rdr6 mutant exhibiting the most severe disease symptoms (Figure 1A and 1B).
Similarly, a transgenic Arabidopsis line (PSR2-5) that constitutively expresses PSR2 under the
CaMV 358 promoter (Qiao et al., 2013; Xiong et al., 2014) also showed enhanced susceptibility
(Figure 1A and 1B). These results support a role of the secondary siRNA pathway in plant
defense during Phytophthora infection.

PSR2 diminishes the accumulation of specific secondary siRNAs in Arabidopsis

[0134] A genome-wide small RNA profiling of PSR2-5 revealed a significant reduction in the
21-nucleotide population (Figure 1C), which is mainly composed of miRNAs and secondary
siRNAs (L1 et al., 2016). Further analysis of changes in individual 21-nucleotide SRNA classes
revealed a moderate, 5%, reduction in the miRNA level; however, drastic decreases were
observed in the abundances of secondary siRNAs generated from transcripts of 7ASIa’b/c, TAS2,
and several pentatricopeptide-repeat protein (PPR)-encoding gene loci (Figure 1D-1F). In
contrast, siRNAs produced from RNA polymerase IV-dependent transcripts, the non-coding
TAS3 transcripts, or transcripts of other loci, including transposable elements and protein-coding
genes other than PPR, remained mostly unchanged (Figure 1D-1F). These results demonstrate a
specific inhibitory effect of PSR2 on secondary siRNAs generated from PPR and 7AS1/2

transcripts in Arabidopsis.
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[0135] The largest reduction (>90%) of sSRNAs in PSR2-5 was observed from PPR-derived
secondary siRNAs (Figure 1D and 1E). PPR represents a large gene family with approximately
450 members encoded in Arabidopsis (Schmitz-Linneweber and Small, 2008). The vast majority
of PPR-siRNAs are produced from transcripts of fifteen PPR loci and PSR2 inhibits siRNA
production from all of them (Table S1). Thirteen of siRNA-generating PPR transcripts contain
target site(s) of microR161 (miR161), which is predicted to trigger SRNA production through the
secondary siRNA pathway (Table S1). Another microRNA, miR173, can target 7451/2
transcripts and trigger the production of frans-acting siRNAs (tasiRNAs) (Chen et al., 2007,
Chen, 2009). Several of these 74517/2-derived siRNAs have predicted targets sites in the siRNA-
producing PPR transcripts and may also trigger siRNA production (Howell et al., 2007). Since
TAS loci derived tasiRNAs exhibit an approximately 75% reduction in PSR2-5 plants (Figure 1D
and 7A-D), the largely diminished PPR-derived siRNAs in PSR2-5 is likely attributed to
inhibition of both miR161- and miR173-triggered siRNA production.

miR161 and PPR-siRNAs are induced during Phyiophthora infection

[0136] In order to investigate a potential contribution of miR161 and miR173 in plant defense,
we conducted quantitative RT-PCR analysis to examine the primary transcript levels of their
corresponding MIR genes during P. capsici infection. We detected an induction of pri-miR161
whereas the pri-miR173 level remained unchanged (Figure 7A). Consistently, northern blotting
of mature miRNAs showed that miR161 accumulation was increased during P. capsici infection,
especially at 6 and 24 hours post inoculation (hpi) (Figure 2A). A similar induction was also
observed for miR393 (Figure 7B), which is known to be induced by microbial pathogens (e.g.
bacterial flagella) and to contribute to plant basal defense (Navarro et al., 2006). In contrast to
miR161 and miR393, the abundance of miR173 was unaltered, consistent with the unchanged
pri-miR173 transcript levels determined by qRT-PCR (Figure 7A and 7B). We also quantified
the levels of pri-miR390 transcripts and mature miR390, which is the trigger of secondary
siRNAs produced from the non-coding 7453 transcripts (Adenot et al., 2006; Axtell et al., 2006).
Similar to miR173, miR390 was not induced during P. capsici infection (Figure 7A and 7B).

[0137] The induction of miR161 at 6 hpi suggested that P. capsici induces an immune
response during the initial stages of infection in Arabidopsis. Plant immunity can be activated by

“non-self” molecules called microbe-associated molecular patterns (MAMP) (Jones and Dangl,
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2006). Perception of MAMPs requires pattern recognition receptors and co-receptors located on
the plant cell surface (Boutrot and Zipfel, 2017). In Arabidopsis, the leucine-rich repeat receptor-
like kinases BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) and
SOMATIC-EMBRY OGENESIS RECEPTOR-LIKE KINASE 4 (SERK4) are required for the
activation of plant immunity by functioning as co-receptors for multiple unrelated MAMPs
(Chinchilla et al., 2009; Roux et al., 2011). The induction of miR161 or miR393 was abolished
in bak1-5/serk4 plants inoculated with P. capsici (Figure 2B), indicating that the enhanced
accumulation of miR 161 is a plant defense response clicited upon perception of the

Phytophthora pathogen.

[0138] As amajor trigger of siRNA production from PPR transcripts, increased levels of
miR161 would be expected to enhance accumulation of PPR-derived secondary siRNAs (Addo-
Quaye et al., 2008; Howell et al., 2007). Indeed, northern blotting showed that, similar to

miR 161, the levels of two representative secondary siRNAs (named PPR-siRNA-1 and PPR-
siRNA-2; Figure 7C) were also increased during P. capsici infection at and after 6 hpi (Figure
2A). As a control, tasiRNAs dependent on miR173 did not exhibit differential accumulations in
infected plants, consistent with the unchanged levels of their “trigger” miRNA during infection

(Figure 7D).

miR161 contributes to Arabidopsis defense to P. capsici by triggering PPR-siRNA production

[0139] We next determined the contribution of miR161 to Arabidopsis defense against P.
capsici. For this purpose, we generated transgenic lines that either over-express MIR161
(MIR1610x) or have the MIR161 knocked out (MIR/61cri, Figure 8A and 8B) using
CRISPR/Cas9-based mutagenesis. Northern blotting confirmed increased accumulation of
miR161 in independent MIR/610x lines or reduced accumulation in MIR16cri lines (Figure
2C). The MIR1610x plants showed enhanced resistance to P. capsici whereas the MIR161cri
mutants exhibited hypersusceptibility (Figure 2C and 8C), suggesting a role of miR161 as a
positive regulator of Arabidopsis defense. On the contrary, overexpression of miR173 or miR390

had no effect on Arabidopsis resistance to P. capsici (Figure 8D-8G).

[0140] Although the accumulation of PPR-siRNA-1 and PPR-siRNA-2 was decreased in
MIR161crilines (Figure 2C), it was not abolished, probably because PPR-siRNAs could also be
triggered by miR173-dependent tasiRNAs. Indeed, in MIR/73 knockout lines (MIR173cri,
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Figure 8H), the abundance of PPR-derived siRNAs was diminished (Figure 2D), likely due to
the largely reduced tasiRNA levels (Figure 81). Similar to the MIR161cri mutants, MIR[73cri
plants also showed enhanced susceptibility to P. capsici (Figure 2D and 8J). Note that PPR-
derived siRNA levels in MIR730x lines were similar to those in wild-type plants, although the
corresponding tasiRNA levels were significantly increased (Figure 8D). This is in agreement
with the previous results that the susceptibility of MIR1730x lines to P. capsici remained

unchanged.

[0141] These results prompted us to examine the function of the PPR-derived siRNAs in plant
immunity by analyzing individual mutants of eight PPR genes in a cluster on Arabidopsis
chromosome 1, from which secondary siRNAs are abundantly produced in a miR161- and
tasiRNA-dependent manner (Addo-Quaye et al., 2008; Howell et al., 2007). We acquired T-
DNA insertion mutants, one for each PPR gene (Figure 9A), and confirmed that the
corresponding transcripts were largely reduced if not diminished (Figure 9B). Presumably, the
low transcript levels would nearly abolish secondary siRNA production. Significantly, four of
these eight mutants showed increased susceptibility to P. capsici (Figure 2E and 9C), providing
further evidence supporting that PPR-derived siRNAs contribute to plant immunity.

PPR-siRNAs target Phytophthora transcripts to confer resistance

[0142] In plants, secondary siRNAs are believed to amplify miRNA-mediated gene silencing,
specifically by miRNAs that potentially regulate large gene families (Adenot et al., 2006).
Arabidopsis encodes approximately 450 PPR genes (Barkan and Small, 2014) and it was
proposed that siRNAs derived from a small number of PPR transcripts regulate a larger number
of family members (Fei et al., 2013). We conducted RNA-seq analysis and compared
transcriptome changes in PSR2-5 with wild-type Col-0. Two hundred and forty-nine genes were
found to be up-regulated in PSR2-5 and 366 were down-regulated (Figure 10A and Table S2).
However, only 11 of the up-regulated genes were predicted to have target site(s) of PPR-derived
siRNAs (3922 siRNAs in total). This is surprising because 1326 Arabidopsis genes, including
134 PPR genes, were predicted as potential targets of this large pool of siRNAs (Table S3 as
depicted in Hou, et al., A Phytophthora Effector Suppresses Trans-Kingdom RNAi to Promote
Disease Susceptibility, 25(1) Cell Host & Microbe 153-165 (Jan. 9, 2019)). Furthermore, among
the 11 up-regulated genes that could also be targeted by PPR-siRNAs, only two have PPR motifs
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(Figure 10B). These results indicate that the primary targets of the PPR-derived siRNA
population are not Arabidopsis PPR genes.

[0143] Gene silencing in eukaryotic pathogens by plant hosts have been observed. The first
example of this host-induced gene silencing (HIGS) during natural infection was reported in
cotton, where two miRNAs regulate virulence-related genes in the fungal pathogen Verficillium
dahlia (Zhang et al., 2016). Furthermore, transgenic plants expressing artificial RNAi~inducing
dsRNAs can trigger specific gene silencing in fungal and Phyfophthora pathogens, as well as
other parasites (Baulcombe, 2015; Hua et al., 2017; Jahan et al., 2015). These observations
indicate that host-produced sRNAs can function, in part, to silence pathogen genes. We thus
tested whether the PPR-derived siRNAs may be used by Arabidopsis to target genes in P. capsici
for silencing. A prediction of potential targets in P. capsici transcripts using 3922 distinct PPR-
derived siRNA sequences revealed 437 siRNA-P. capsici transcript pairs (Figure 3A). These
matched pairs correspond to 249 P. capsici genes as potential targets of PPR-siRNAs (Table S4).

[0144] To test whether some of the predicted targets could be silenced by the corresponding
plant siRNAs, we directly introduced synthesized 21-bp small RNA duplexes into P. capsici,
mimicking what may occur during natural infection (Figure 3A). For this purpose, we focused on
a PPR-derived siRNA-1310 (hereafter siR1310), which is predicted to target the P. capsici gene
Phyca 554980 (Figure 3B). Phyca 554980 is constitutively expressed in P. capsici (Chen et al,
2013). Encoding a U2-associated splicing factor, homologs of Phyca 554980 are also present in
other Phytophthora species (Figure 10C), consistent with a conserved, housekeeping function. In
addition to siR1310, Phyca 554980 is predicted to be regulated by six other PPR-siRNAs (Table
S4), including siR0513 (Figure 3B). Taken together, these results indicate that Phyca 554980
might be an important target of PPR-siRNAs in Phytophthora.

[0145] Using a PEG-mediated transformation procedure, we incubated P. capsici protoplasts
with the synthesized siR1310 duplex and a plasmid carrying a gene that confers resistance to the
antibiotic G418. Transformants that gained G418 resistance potentially also took up the sSRNAs.
As a control, a 21-bp sRNA duplex designed to target a GFP gene was also synthesized and
introduced into P. capsici. Seven of ten transformants potentially harboring siR1310 exhibited
significantly reduced abundance of Phyca 554980 transcripts (Figure 3C and 11A). This

silencing effect is specific as Phyca 554980 transcript levels were not affected in strains
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transformed with siRGFP (Figure 3C and 11A). We further confirmed the silencing specificity of
siR1310 by examining the transcript levels of another P. capsici gene Phyca 538731, which was
used as an “off-target” control. Phyca 538731 is predicted to be insufficient as a silencing target
although it contains a sequence that partially matches siR1310 (Figure 11B). The transcript
abundance of Phyca 538731 was not reduced in transformants harboring either siR1310 or

siRGFP (Figure 3C).

[0146] Knowing that siR1310 can specifically silence target gene(s) in Phytophthora, we
determined the consequence of the silencing event by analyzing the developmental phenotypes
and virulence activities of the P. capsici transformants. Compared to a wild-type strain and the
transformants harboring siRGFP, transformants harboring siR1310 exhibited a moderate
decrease in mycelial growth (Figure 11C and 11D) and significant defects in sporangia
development (Figure 3D) and zoospore release (Figure 11E). Importantly, introduction of
siR1310 nearly abolished the ability of P. capsici to cause disease on Nicotiana benthamiana
(Figure 3E). Because the leaves were inoculated with mycelia plugs, the drastically reduced
virulence activity cannot be fully attributed to defects on sporulation of these transformants.
These data indicate that PPR-derived siRNAs can specifically silence target gene(s) in P. capsici
such as Phyca 554980, which is required for Phytophthora development and pathogenicity. As

such, PPR-derived siRNAs may contribute to resistance to /. capsici.

PPR-siRNAs confer cross-kingdom gene silencing during Phytophthora infection

[0147] To explore whether PPR-derived siRNAs could be transported from host plants to
Phytophthora, we examined their presence in extracellular vesicles (EVs). A role of EVs in plant
immunity has been proposed as they accumulate around fungal haustoria (An et al., 2006a; An et
al., 2000b; Micali et al., 2011), and have recently been shown to carry stress-response proteins
(Rutter et al., 2017) and small RNAs (Cai et al., 2018). Using qRT-PCR, we were able to detect
siR1310 in EVs isolated from wild-type Arabidopsis leaves (Figure 3F). The abundance of these
siRNAs was significantly lower in EVs isolated from PSR2-5 leaves, consistent with an overall
reduction of siR1310 in PSR2-5. Furthermore, P. capsici infection resulted in an increase of
siR1310 abundance in EVs and this increase was abolished in PSR2-5 plants inoculated with P.
capsici (Figure 3F). Similarly, siR0513, another PPR-siRNA that can target Phyca 554980,
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could also be detected in EVs (Figure 11F). These results suggest that PPR-siRNAs are cargos of
EVs and could be transported to silence target gene(s) in Phytophthora.

[0148] We next examined whether cross-kingdom gene silencing by PPR-siRNAs occurs
during natural infection by monitoring the expression profiles of Phyca 554980 when wild-type
P. capsici was used to inoculate wild-type Arabidopsis, PSR2-5, rdr6 or the MIR1610x-3 plants.
The transcript abundances of Phyca 554980 were determined at one day post inoculation (dpi).
We observed that Phyca 554980 exhibited increased expression levels when P. capsici was used
to infect PSR2-5 or rdr6 plants (Figure 3G), which have decreased accumulation of PPR-siRNAs
compared to wild-type plants. In contrast, Phyca 554980 transcript level was decreased when P.
capsici was used to infect MIR1610x-3 plants (Figure 3G), which, at least in part, could be due to
the enhanced silencing effect by an increased level of PPR-derived siRNAs. These results
suggest that Phyca 554980 expression in P. capsici is manipulated by host sSRNAs during
infection, potentially through the function of PPR-siRNAs in EVs such as siR1310 and siR0513.

[0149] Since Phyca 554980 plays an important role in the development and virulence activity
of P. capsici, its expression could be affected by multiple factors in addition to host siRNAs. To
further demonstrate that cross-kingdom gene silencing occurs during natural infection, we
generated P. capsici strains carrying a reporter to monitor the silencing effect of siR1310. A
siR1310 target site (t) and a mutant version (mt) were incorporated into the 5' UTR sequence of
an mRFP gene to generate --mRFP and mt-mRFP, respectively (Figure 4A). These constructs
were then introduced into P. capsici. Transformants with stable RFP expression were monitored
for mRIP transcript levels during the infection of wild-type, MIR1610x, and MIRI61cri plants,
which accumulate different levels of siR1310 (Figure 11G). P. capsici carrying t-mRFP showed
higher fluorescence intensities in hyphae when infecting MIR/6/cri-8 plants compared to wild-
type plants, whereas the lowest fluorescence signals were observed in hyphae infecting the
MIR1610ox plants (Figure 4B and 4C). In contrast, a strain carrying mt-mREP did not show
observable differences in fluorescence intensities from hyphae infecting these lines (Figure 4B
and 4C). A similar conclusion was made by quantifying the transcript levels of mRFP by qRT-
PCR (Figure 4D). Collectively, these results support direct gene silencing by siR1310, and
possibly other PPR-derived siRNAs produced by Arabidopsis, in P. capsici during natural

infection as an antimicrobial mechanism.
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PSR2 interferes with secondary siRNA production by associating with DRB4

[0150] We next investigated the molecular basis underlying PSR2-mediated suppression of
secondary siRNA accumulation in Arabidopsis by characterizing PSR2-interacting proteins.
Using Yeast two-hybrid screening of an Arabidopsis cDNA library, we identified candidates that
may associate with PSR2 in plant cells (Table S5). Among them, we were particularly interested
in Double stranded RNA-binding protein 4 (DRB4), which has a known function in secondary
siRNA biogenesis. DRB4 binds to dsRNA precursors through two double stranded RNA-binding
domains (dsRBM1 and dsRBM?2) and associates with Dicer-like 4 (DCL4), which processes the
dsRNA substrates (Adenot et al., 2006; Fukudome et al., 2011). Co-immunoprecipitation of
PSR2 with DRB4 after expressing both proteins in N. benthamiana confirmed their interaction in
plant cells (Figure 5A and 5SB). Furthermore, the two dSRBM domains of DRB4 are required for
its interaction with PSR2.

[0151] PSR2 protein has a modular architecture, containing seven imperfect tandem repeats
(Ye and Ma, 2016). Repeats 2-7 each includes three conserved motifs, which were named “L”,
“W”, and “Y” after a conserved amino acid residue in their respective sequences (Jiang et al .,
2008; Ye and Ma, 20106). Repeat 1 lacks an “L” motif, but contains the “W” and the “Y” motifs
(Figure SA). Analysis of truncated mutants of PSR2 revealed that the first (WY'1) and the second
(LWY?2) repeat units are required for interaction with DRB4 (Figure 5C). Consistent with this
observation, the mutants PSR24VY! and PSR24LWY2 |ost the ability to suppress transgene
silencing (Figure 5D and 12A) or promote Phytophthora infection in N. benthamiana (Figure SE
and 12B). In addition, a fragment of PSR2 (55-215 aa), which spans WY1 and LWY?2, is
sufficient for association with DRB4 (Figure 5C). This fragment is also sufficient, although with
an activity slightly weaker than full-length PSR2, to suppress transgene silencing (Figure 5D and
12A) and promote Phytophthora infection (Figure SE and 12B). These results form a strong link

between DRB4 interaction and the virulence function of PSR2.

[0152] Next, we explored how PSR2 may affect secondary siRNA biogenesis through the
interaction with DRB4. We first examined whether PSR2 could interfere with the dicing of
dsRNA substrates. Long dsRNAs (510 bp in length, corresponding to GFP sequence) were
synthesized in vitro, labeled with *?P, and then incubated with crude protein extracts of leaf

tissues collected from wild-type, PSR2-5, or drb4 plants. Cleavage products of sSRNAs with 20-
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25 nt in size were then detected by autoradiography. Extracts from both drb4 and PSR2-5 plants
showed reduced production of sSRNAs, suggesting that PSR2 interferes with the dicing process
(Figure 5F). We further examined whether PSR2 can bind dsRNAs in plant cells. YFP-PSR2 and
DRB4-YFP were expressed independently in V. benthamiana and then pulled down using resins
conjugated with an anti-GFP antibody. The protein-bound resins were incubated with the in vitro
synthesized 510-bp dsRNAs and those bound to the immunoprecipitated proteins were detected.
Our results show that both PSR2 and DRB4 associates with dsRNAs (Figure 12C). This might be
due to a direct binding of PSR2 with dsRNAs, which may lead to competition with DRB4 for
binding to dsRNA precursors. Or, it is also possible that PSR2 indirectly binds to dsSRNAs by

associating with the dicing complex and interferes with the processing of the dsRNA substrates.

drb4 phenocopies PSR2-3 plants

[0153] To further demonstrate that DRB4 is a virulence target of PSR2, we examined the
development and disease susceptibility phenotypes of an Arabidopsis drb4 mutant. Similar to
PSR2-5, drb4 is hypersusceptible to P. capsici (Figure 6A and 12D). In addition, both PSR2-5
and drb4 exhibit a subtle developmental phenotype, i.e. narrow and curly leaves (Figure 6B). A
similar, but more profound, leaf phenotype has been reported in rdr6 (Peragine et al., 2004),
indicating that it is likely associated with secondary siRNA production. Genome-wide sSRNA
profiling analysis further confirmed that as all siRNA-producing PPR loci were affected by
RDRG6 and PSR2, most of them were also affected by DRB4 (Figure 6C). On the contrary,
siRNAs produced from transcripts encoding nucleotide-binding site leucine-rich repeat proteins
(NB-LRR) were unaffected in either PSR2-5 or drb4 plants although their production is fully
dependent on RDR6 (Table S6). Encoding canonical disease resistance proteins, NB-LRRs
constitute another large gene family that can produce secondary siRNAs (Zhai et al., 2011). The
observation that PSR2 does not have a major impact on NB-LRR-derived siRNAs is intriguing
because reduced abundance of these siRNAs may lead to increased expression of disease
resistance genes that could be detrimental to the pathogen. Although it remains to be determined
how PSR2 and DRB4 specifically affects PPR-derived but not NB-LRR-derived siRNAs, these
results support DRB4 as a virulence target of PSR2 in Arabidopsis.
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Discussion

[0154] Here, we show that siRNAs derived from endogenous plant transcripts target mRNAs
of a eukaryotic pathogen in trans. Consistent with their importance as an antimicrobial strategy,
the biogenesis of secondary siRNAs is specifically suppressed by the Phytophthora effector
PSR2. RNAi-based immunity thus represents an important battleground in the evolution of host-

pathogen interactions.

[0155] Host-derived sSRNAs have been found to facilitate plant defense to fungal pathogens.
Two miRNAs were shown to be exported from cotton and to reduce the virulence of Verticillium
dahlia (Zhang et al., 2016). Furthermore, plant EVs were recently reported to mediate the
transportation of host SRNAs that can target virulence genes of another fungal pathogen Botrytis
cinerea (Cai et al., 2018). In this study, we show secondary siRNAs are important executors of
host-induced gene silencing in an oomycete pathogen, which is evolutionarily very distant from
fungi (Kamoun et al., 2015). Perception of P. capsici by Arabidopsis induces a transcriptional
induction of the trigger miRNA, miR161, which subsequently results in increased production and
accumulation of secondary siRNAs derived from specific PPR transcripts. The diverse PPR-
siRNA pool includes numerous sequences, some of which can directly silence transcripts in P.
capsici. Interestingly, miR161 can also be induced by bacterial flagellin (Li et al., 2010),
indicating that the production of secondary siRNAs is a general immune response triggered by a
broad spectrum of pathogens. Indeed, 216 siRNA-target pairs representing 150 potential targets
can be predicted from the fungal pathogen Verticillium dahliae (Table S4). It is therefore likely
that PPR-derived siRNAs also target mRNAs in V. dahliae for silencing. Consistent with this
notion, rdr6 mutants of Arabidopsis exhibit hypersusceptibility to V. dahlia as well as B. cinerea

(Ellendorff et al., 2009; Cai et al., 2018).

[0156] Secondary siRNAs have been implicated in playing a role in host-parasite interactions.
It was recently reported that miRNAs produced by the parasitic plant Cuscuta campestris
triggered siRNA production in host plants and manipulated host gene expression (Shahid et al
2018). In our study, secondary siRNAs produced by plant hosts function as antimicrobial agents.
The abundance and sequence complexity of secondary siRNAs is much higher than their miRNA
triggers, which provides advantages during a co-evolutionary arms race with the pathogens.

During host-pathogen co-evolution, it would be expected that pathogen genes targeted by host
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sRNAs are under strong selection to diversify, which could abolish sequence complementarity
and thus evade silencing. Because MIR genes must maintain a foldback structure in their primary
transcripts for processing, they are constrained in how rapidly they can evolve, which would be
expected to compromise their utility as direct antimicrobial agents. The induction of a diverse
pool of secondary siRNAs upon pathogen perception facilitates co-evolution with sequence
changes in the targeted pathogen genes. This is particularly robust when the siRNAs are
generated from non-coding genes (such as 74S in Arabidopsis) or genes within large families
(such as PPR). Production of secondary siRNA from PPR transcripts is prevalent in cudicots,
suggesting an ancient and potentially essential function (Xia et al., 2013). Most eudicot species
encode over 400 PPR genes in their genome (Barkan and Small, 2014), but only a small number
produce siRNAs. These siRNA-producing PPRs constitute a monophyletic clade that is evolving
rapidly, possibly driven by the arms race with pathogens (Dahan and Mireau, 2013). None of the
PPR mutants in the secondary siRNA-generating cluster that we examined exhibit morphological

defects in Arabidopsis, indicating that these genes may tolerate sequence changes.

[0157] The presence of PPR-siRNAs in EVs suggests a potential mechanism for trafficking of
pathogen-targeting SRNAs from plant hosts to pathogens. EVs mediate intercellular transport of
sRNAs in mammals (Meldolesi, 2018), and have been shown to transport SRNAs from parasitic
nematodes into mammalian host cells, where they suppress host immune responses (Buck et al.,
2014). Notably, nematode EVs were recently shown to be specifically enriched in secondary
siRNAs (Chow et al., 2018). In addition, purified plant EVs have been shown to be taken up by
fungal hyphae in culture (Regente et al, 2017; Cai et al, 2018), indicating they could deliver
sRNAs to pathogens. Global analysis of sSRNA composition in plant EVs shows that siRNAs are
the major SRNA cargo in terms of abundance (Baldrich, Rutter, Innes and Meyers, unpublished
data). These results, together, support secondary siRNAs as prominent executors for cross-

kingdom silencing.

[0158] Host defense mechanisms and pathogen virulence strategies are linked. Successful
pathogens must defeat host immunity in order to establish infection. By investigating the
function of PSR2, we demonstrate that Phytophthora pathogens have evolved effectors to
suppress siRNA-based immunity. PSR2 is a conserved effector in Phyfophthora (Xiong et al.,

2014), thus, suppression of secondary siRNA production is likely a common virulence strategy



10

15

20

25

30

WO 2020/028850 PCT/US2019/044971
41

of Phytophthora and may also be employed by other fungal and comycete pathogens that are
potentially targeted by host-induced gene silencing.

[0159] Taken together, this work establishes a role for secondary siRNAs in plant immunity
and sets the foundation for manipulating this particular pathway as a strategy to enhance broad-

spectrum resistance to plant disease.

Materials and Methods

Plant Material and Growth Conditions

[0160] Arabidopsis thaliana ecotype Col-0 was used as wild-type and for generating
transgenic lines. T-DNA insertion lines of AT1G62910 (SALK 152489), AT1G63130
(SAIL 119 GO0S5), AT1G62930 (SAIL 18 E04), AT1G63080 (SALK 020638C), AT1G63400
(CS316928), AT1G63150 (SALK 152489), AT1G62590 (SALK 114012), and AT1G62914
(CS433098) were obtained from the Arabidopsis Biological Resource Center (ABRC). PSR2-5
are used from lab seeds stock. Arabidopsis and Nicotiana benthamiana plants were grown at

22+2°C with a 12 h light/12 h dark photoperiod.

Cloning and constructs

[0161] To construct miRNA overexpression lines in Arabidopsis, DNA sequences encoding
the pri-miRNAs of miR161, miR173 and miR390 were amplified from cDNA of Arabidopsis
Col-0 by PCR using gene-specific primers (listed in Table S7). The PCR products were inserted
into pPENTR/D-TOPO and subsequently pEG100 using Gateway cloning (Invitrogen) (Earley et
al., 2006). To generate the knockout lines of miR161 and miR173, the Yao promoter-driven
CRISPR/Cas9 system was utilized (Yan et al., 2015). The sgRNA cassettes were cloned into
pCAMBIA1300-pYA0O:Cas9 into the Spel site. To construct an mRFP reporter containing the
target site of siR1310, sequences corresponding to the sense and antisense strands of the siR1310
target site or mutated target site were synthesized and annealed respectively. The DNA

fragments were then ligated with pTOR-mRFP into the £coRI site.

Phytophthora capsici inoculation and phenotvpic analysis

[0162] In most experiments, four-week-old Arabidopsis plants were inoculated with zoospore
suspension (200-500 zoospores/uL.) of P. capsici isolate LT263 as previously described (Hou
and Ma, 2017). Disease symptoms were monitored three days after inoculation, and disease

severity was evaluated as Mean DSI (Wang et al., 2013). Biomass of P. capsici was also
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determined by qPCR using P. capsici specific primers (listed in Table S7) (Silvar et al., 2005).
For root infection, roots of two-week old seedlings, grown on MS medium (Murashige and
Skoog agar containing 1% (wt/vol) sucrose) were dipped in a zoospores suspension (100
zoospores/uL) for five seconds as described (Wang et al., 2013). The seedlings were
immediately planted in soil and the disease symptoms were monitored at three days after
inoculation. For inoculation of N. benthamiana, the abaxial sides of detached leaves were
inoculated with fresh mycelial plugs (0.5 cm). Leaves were kept in sealed 0.8% water agar plates
in the dark at 25°C. Lesions were observed under UV light three days after inoculation. Sizes of

the lesion areas were analyzed using imagel (imagej.net).

Isolation of extracellular vesicles (EVs)

[0163] For each biological replicate, EVs were isolated from the pooled apoplastic fluid of 36
five-week old Arabidopsis plants grown at 22+2°C with a 9 h light/15 h dark photoperiod
following the protocol of Rutter et al. (2017), including fractionation on an iodixanol density
gradient (OptiPrep, Sigma Aldrich). Purified EVs were quantified using a ZetaView nanoparticle
tracking analyzer from ParticleMetrix. Approximately 10 x 10° EVs from each replicate were

used for RNA extraction.

RNA extraction, northern blotting and quantitative real-time PCR

[0164] Total RNAs were extracted from Arabidopsis leaves and EVs with or without infection
at different time points using TRIzol reagent (Invitrogen). Small RNA northern blotting was
performed as described using 5 pg of total RNA extract (Pall and Hamilton, 2008). U6 was used
as a loading control. The results were visualized using a Typhoon phosphorimager and quantified
with ImageQuant TL (GE). Sequences of the oligonucleotide probes are listed in Table S7. For
quantitative RT-PCR, three biological repeats were performed, and relative expression levels
were calculated using the 2'42% equation. Actin2 was used as the internal control. Gene-specific
primers used for qQRT-PCR are listed in Table S7. For Figure 11G, siRNA levels were quantified
using stem-loop qRT-PCR as described in (Varkonyi-Gasic et al., 2007) starting with 1.0 ug total
RNA from leaves. For Figures 3F and 11F, siRNA levels were quantified using the QuantiMir
kit from System Biosciences (Mountain View, CA), starting with 2.0 ug total RNA from leaves,
diluting the resulting cDNA 100 fold, and then using 2-4 pL of diluted cDNA for each 25 uLL
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reaction. For both stem-loop and QuantiMir methods, the qRT-PCR step was performed using

SYBR™ Green PCR Master Mix from Invitrogen and using U6 as an internal control.

Transformation of sSRNAs into Phytophthora protoplasts

[0165] RNA oligonucleotides corresponding to siRGFP and siR1310 were synthesized and
annealed to form siRNA duplex (listed in Table S7). A polyethylene glycol (PEG)-mediated
protoplast transformation procedure was followed as described with modifications (Dou et al.,
2008). Protoplasts of P. capsici isolate L T263 were prepared as described with a concentration of
2x10* protoplast per mL. 25 ug of pTOR plasmid DNA and 8 pg of siRNA duplex were added
into 1 mL of protoplast suspension for transformation (Blanco and Judelson, 2005; Varkonyi-
Gasic et al., 2007). Transformants were recovered in pea medium and then selected on V8 agar
plates supplemented with 50 pg /mL of G418. Transformants with G418 resistance were sub-
cultured and analyzed for development and virulence activity. Mycelia from each transtormant

were collected for RNA extraction and gene expression analysis.

Microscopy of Phytophthora capsica during infection

[0166] Four-week-old Arabidopsis plants were inoculated with a zoospore suspension (200-
500 zoospores/uL) of P. capsici transformants expressing t-mRFP or mt-mRFP. Confocal
images were captured at 2 dpi using a Leica SP5 confocal microscope under 40x lens. The
average fluorescence strength of the entire hyphae in the images was estimated using Image J

(http://imagej.nih.gov/ij/).

Co-immunoprecipitation assays of PSR2 and DRB4
[0167] 3xFlag-PSR2, DRB4-YFP and their derivatives were co-expressed in N. benthamiana

using Agrobacterium-mediated infiltration. Total proteins were extracted using an IP buffer
[10% (v/v) glycerol, 50 mM Tris-HCI pH 7.5, 150 mM NaCl, S mM DTT, 1x protease inhibitor
mixture (Roche), 1 mM PMSF, and 0.1% CA-630], and then incubated with either anti-Flag
agarose (Sigma-Aldrich) or anti-GFP magnetic beads (Chromotek) at 4°C for one hour. The
beads were washed for five times using the IP buffer, and PSR2 and DRB4 in the immune
complexes were detected by western blotting using anti-Flag (Sigma Aldrich) or anti-GFP
antibody (Clontech) respectively.
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Transgene silencing suppression assay using N. benthamiana 16c¢ plants

[0168] PSR2 and its derivatives were cloned into the vector pEG100 and the recombinant
plasmids were transformed into Agrobacterium tumefaciens strain GV3101. The bacteria were
co-infiltrated into N. benthamiana 16c¢ leaves together with Agrobacterium carrying 35S-GI'P
(Qiao et al., 2013). Green fluorescence was observed using a hand-held UV light at five days
after Agro-infiltration. The protein levels of GFP were determined by western blotting using an
anti-GFP antibody (Santa Cruz). The protein levels of PSR2 and its derivatives were examined

by western blotting using an anti-PSR2 antisera generated in this study.

Double-stranded RNA binding and cleavage assays

[0169] Sense and antisense transcripts of green fluorescent protein (GFP) were synthesized
from a plasmid template containing a partial GFP gene with 510-bp in length. In vitro
transcription was conducted by incubating 0.1 uM plasmid DNA in a 50 pL reaction system with
0.5 uM of T7 RNA polymerase and 5 mM of NTP mix for 3 hours at 37°C. 2 U Turbo DNase
(Ambion) was added to the reaction mixture at 37°C for 15 minutes to remove the template
DNA. Nucleotides and NTPs were also removed using Bio-Spin 6 columns (BioRad). Single-
stranded RNAs were purified using acidic phenol/chloroform (Ambion), and precipitated using
isopropanol (FisherChemical). RNA pellet was then dissolved in 30 L. RNase-free water. Equal
amounts of the ssSRNAs were annealed as described and used for further analyses (Fukudome et
al., 2011). For protein-dsRNA binding assay, YFP-PSR2 and DRB4-YFP fusion proteins were
transiently expressed in N. benthamiana and total proteins were extracted using the IP buffer
containing 10% (vol/vol) glycerol, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM DTT, 1x
protease inhibitor mixture (Roche), 1 mM PMSF, and 0.1% CA-630. Double-stranded RNA was
removed by adding 7 uL of RNasellIl (NEB), 10 pL of 10x RNasellI buffer and 10 uL of 10x
MnClz to 1 mL of protein extract. Samples were then centrifuged at 12,000 rpm, 4°C for 15 min
and the supernatant incubated with anti-GFP magnetic beads for two hours at 4°C (Chromotek).
After washing beads, synthesized 510-bp dsRNAs were added to a final concentration of ~33
nM and incubated with the immune complexes at 4°C in a dsSRNA-binding buffer containing 30
mM Tris-HCI (pH 7.0), 10 mM NaCl, 20 mM MgClz, 0.1 mM EDTA, and 5 mM DTT for 30
minutes. The beads were washed with binding buffer to remove the unbounded dsRNA before
the protein-bounded RNAs were extracted using Trizol/Chloroform (Ambion) and then analyzed

on 2% Agarose gel with ethidium bromide staining. For the dSRNA cleavage assay, 510-bp
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dsRNAs synthesized as above were labeled with [o-*2P] UTP as described (Fukudome et al.,
2011). Crude protein extracts from 0.5 g leaves of four-week-old wild-type, drb4 and PSR2-5
Arabidopsis plants were extracted using an extraction buffer containing 20 mM Tris-HCl (pH
7.5), 4 mM MgClz, S mM DTT, 1x protease inhibitor mixture (Roche) and 1 mM PMSF at 4°C.
The **P-labeled dsRNAs (final concentration of ~1 nM) were incubated with 30 pL of the
cleavage buffer as described (Fukudome et al., 2011). One pl. of RNaseOUT (Invitrogen) was
added to each 40 pL reaction mixture. After incubation at 23°C for two hours, the cleavage
products were purified by phenol/chloroform (Ambion), analyzed on 15% denaturing PAGE
with 8 M urea, and detected by autoradiography.

RNA sequencing and data analysis

[0170] sRNA libraries were single-end sequenced on the Illumina HiSeq4000 platform with
read lengths of 50 bases. Adapter sequences were trimmed from fastq reads using Cutadapt
v1.4.1 (Martin, 2011), the remaining sequences in the size range of 18- to 28-nt were mapped to
the Arabidopsis thaliana reference genome annotation (TAIR10) using Bowtie v1.0.1
(Langmead et al ., 2009), allowing all alignments (-a) and zero mismatch (-v 0) per read. After
removing the reads associated with t/r/sn/snoRNAs, the rest of the perfectly matched 18-28 nt
sRNAs were used for further analysis. The sequences of mature miRNAs were from miRbase
(version 21), and eight 7AS loci: TAS1a, TASI1b, TASIc, TAS2, TAS3, TAS3b, TAS3c and TAS4
for trans-acting siRNAs identification. The list of Pol IV-dependent siRNA loci (P4siRNAs) has
been previously described (Zhai et al., 2015). Protein-coding gene-derived siRNAs (PC-siRNAs)
and transposon element derived siRNAs (TE-siRNAs) were calculated using Araport11
annotation (Cheng et al., 2017), with 27,655 protein-coding regions and 3,901 TEs. For
normalization, the abundances of SRNAs in each library were normalized to transcripts per
million (TPM), excluding t/r/sn/snoRNA-derived sequences. The abundance of sSRNAs from
each locus was summed by hits-normalized-abundance of all mapped reads from that region.
Loci with normalized TPM >10 in WT were further analyzed for abundance changes in PSR2-5
(Table S1).

[0171] RNA-seq libraries were analyzed using paired-end sequencing on the [llumina
HiSeq4000 platform with read lengths of 150 bases. Reads were mapped to the TAIR10
genome using HISAT2 v2-2.0.5 (Kim et al., 2015) allowing only one unique hit (-k 1) and length
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less than 5000 (-X 5000). PCR duplicates were further removed using SAMTools v1.4 (Li et al,,
2009). FPKM (Fragments Per Kilobase of transcript per Million mapped reads) of each gene was
calculated using StringTie v1.3.3b (Pertea et al., 2015), and edgeR (Robinson et al., 2010) was
used to identify genes that were differentially expressed between PSR and WT replicates.

siRNA target prediction in Arabidopsis, Phvtophthora capsici and Verticillium dahliae

[0172] 3922 distinct PPR-derived siRNA sequences were used for target prediction using the
psRNATarget web server (htip://plantern noble org/psRINATarzet) (Dai and Zhao, 2011).

Default setting of Schema V1 was used. For target prediction in Arabidopsis, “ Arabidopsis
thaliana, transcript, JGI genomic project, Phytozome 12, 167 TAIR10” was chosen as the target
file. For target prediction in P. capsici, “Phycall_filtered transcripts fasta” was downloaded as
the target file from JGI (https://genome.jgi.doe.gov/Phycal1/Phycall.home.html). For target
prediction in V. dahliae, “Verticillium dahliae v1.0” was downloaded as the target file from JGI

(Bttps//zenome joi doe gov/Verdad/Yerdal home htmi). Genes with expectation <2 were

considered as potential targets of PPR-derived siRNAs.

Statistical data analysis

[0173] Data reported in this study were analyzed using JMP Pro v13.0 (SAS). To test for
normal distribution of the collected data, normal quantile plots were inspected and Shapiro-Wilk
goodness-of-fit tests were performed. To ensure that the variances are equal, the Levene's test
was used. When comparing a test group to a control group, a two-tailed Student's t-test was used.
The significance values are reported as follows: * = p <0.05, ** =p <0.01, and *** = p < 0.001.
When comparing the means of multiple groups, a one-way ANOVA followed by Tukey's HSD
post hoc test was performed. Significant differences between groups (p < 0.05) are denoted with

different letters.
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Table S1. Normalized reads of 21-nt siRNAs produced from individual loci in wild-type (WT)
and PSR2-5 Arabidopsis plants. Note: The normalized reads of sSRNAs are presented by
transcripts per million (TPM).

TPM of 21nt siRNA

sRNA classes Col-repl Col-rep2 PSR-repl PSR-rep2
miRNA 98440.62 107610.77 7307424 72731.49
PollV 6136.44 6197.19 5895.04 5758.75
PPR 4204.577 4442 467 332.482 257305
TAS 26857.19 27664.42 5310.14 5015.75
TE 3083.74 3113.00 2809.61 2762.74
protein coding 33486.19 32038.30 20723.21 21878.18
TPM_ of 21nt_sRNA from PPR_loci
Predicted | Predicted
target of | target of
Gene annotation miR161 | tasiRNA | Col-repl | Col-rep2 | PSR-repl | PSR-rep?
chrl;4183066- AT1GI12300 | Tetratricopeptide N Y 27.20 20.81 2.39 0.85
4186124 repeat (TPR)-like
superfamily protein
chrl:4353906- AT1GI12775 |Pentatricopeptide N Y 50.25 38.87 7.71 6.80
4355929 repeat (PPR)
superfamily protein
chrl:23176930- [AT1G62590 |pentatricopeptide Y Y 1329.51 1411.09 114.64 70.81
23179248 (PPR) repeat-
containing protein
chrl:23299057- [AT1G62910 |Pentatricopeptide Y Y 1835.84 1955.45 138.58 103.77
23300958 repeat (PPR)
superfamily protein
chrl:23301576- [AT1G62914 |pentatricopeptide Y Y 2207.43 2240.55 165.44 126.53
23303162 (PPR) repeat-
containing protein
chrl:23306534- [AT1G62930 | Tetratricopeptide Y Y 1659.49 1785.58 129.54 98.03
23308683 repeat (TPR)-like
superfamily protein
chrl:23385324- [AT1G63070 |Pentatricopeptide Y Y 1429.051 | 1571.13 | 114.1079 | 76.97894
23387167 (PPR) repeat-
containing protein
chrl:23387631- [AT1G63080 |Pentatricopeptide Y Y 2458.99 259241 172.62 141.20
23390816 repeat (PPR)
superfamily protein
chrl:23412730- [AT1G63130 | Tetratricopeptide Y Y 2551.81 2776.00 172.89 138.01
23415149 repeat (TPR)-like
superfamily protein
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chrl:23419396- |[AT1G63150 | Tetratricopeptide Y Y 1257.18 1291.52 119.69 88.25
23421579 repeat (TPR)-like

superfamily protein
chrl:23450654- [AT1G63230 | Tetratricopeptide Y Y 32.97 30.86 5.05 3.40
23452311 repeat (TPR)-like

superfamily protein
chrl:23489840- [AT1G63330 |Pentatricopeptide Y Y 1340.395 | 1422751 | 116.5017 | 72.08801
23491519 repeat (PPR)

superfamily protein
chrl:23507320- [AT1G63400 |Pentatricopeptide Y Y 2269.20 | 2328.80 166.77 123.34
23509053 repeat (PPR)

superfamily protein
chrl:23587298- [AT1G63630 | Tetratricopeptide Y Y 142.75 109.74 43.89 34.45
23588220 repeat (TPR)-like

supetfamily protein
chr5:5460976- AT5G16640 |Pentatricopeptide Y Y 17.60 18.98 2.39 0.64
5463017 repeat (PPR)

superfamily protein

TPM of 21nt sSRNA from TAS loci

annotation Gene Col-repl Col-rep2 PSR-repl  PSR-rep2
TASla AT2G27400 8209.76 7145.99 1020.06 997.75
TAS1b AT1GS50055 1623.00 1340.90 298.44 302.81
TASlc AT2G39675 14082.47 14370.17 4204.17 3546.56
TAS2 AT2G39681 10058.40 11524.90 508.03 460.39
TAS3a AT3G17185 1172.05 111822 901.69 1178.93
TAS3b AT5G49615 3041 35.89 21.81 33.60
TAS3c ATS5GS7735 0.64 2.06 0.53 0.64
TAS4 AT3G25795 8.00 6.40 5.85 12.76

Table S2. Differentially expressed genes in PSR2-5 compared to wild-type (WT) Arabidopsis

RMD-PSR2vsCol.up

Gene logFC logCPM LR PValue p.ad
AT5G24240 7.502949 3.350601 220.1636 8.33E-50 3.26E-47
AT2G16660 3.707237 5.175004 435.0258 1.31E-96 2.30E-93
AT4G14130 3.699953 3.087442 117.7236 1.99E-27 2.44E-25
AT4G25100 3.671825 2558724 85.83331 1.96E-20 1.33E-18
AT2G15880 3.135066 3.37708 113.7866 1.45E-26 1.70E-24
AT5G46330 3.085272 3.98353 165.4901 7.15E-38 1.65E-35
AT1G52040 2.740812 4.105898 151.9722 6.43E-35 1.29E-32
AT2G19800 2.645429 3.069461 76.49854 2.20E-18 1.19E-16

ATI1G51940 2.562577 5.172258 267.4004 4.18E-60 2.68E-57
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Gene logFC logCPM LR PValue p.ad
AT3G47340 2.552249 7.041956 553.2558 2.46E-122 8.67E-119
AT4G31060 2.476966 3.34736 81.5164 1.74E-19 1.06E-17
AT1G16500 2.461926 3.721342 102.5801 4 14E-24 3.94E-22
AT1G19310 2.431091 3.662826 97.05833 6.73E-23 5.74E-21
AT3G47160 2.322041 4.188071 124.6911 5.95E-29 8.13E-27
AT5G02170 2.267634 3.13456 63.47816 1.62E-15 6.47E-14
AT1G22570 2233476 2.794034 50.52581 1.18E-12 3.16E-11
AT5G02760 221795 5462933 250.003 2.59E-56 1.40E-53
AT5G57780 2.195028 4395229 131.3973 2.03E-30 3.17E-28
AT4G30410 2.152993 4412997 128.6725 8.00E-30 1.19E-27
AT1G78170 2.135915 4493168 133.9043 5.73E-31 9.38E-29
AT5G27920 2.132407 3.068713 55.44777 9.60E-14 2.98E-12
AT5G56870 2.096883 4934546 169.7858 8.24E-39 2.03E-36
AT5G62730 2.019541 2.978234 48.34374 3.58E-12 9.07E-11
AT1G79700 1.982208 5.053666 165.8205 6.05E-38 1.42E-35
AT2G37025 1.97389 4481799 116.9722 2 91E-27 3 47E-25
AT1G11740 1.971684 3.531549 64.0564 1.21E-15 4 92E-14
AT3G30775 1.928259 6.530167 306.1356 1.52E-68 1.33E-65
AT1G69040 1.925978 6.210203 268.755 2.12E-60 1.42E-57
AT2G42170 1.914366 3.691913 67.30218 2.33E-16 1.02E-14
AT5G04820 1.882771 4413265 102.9711 3.40E-24 3.30E-22
AT2G33830 1.877903 5.003163 146.9497 3.05E-34 1.55E-31
AT3G50700 1.865444 3.928968 74.71815 543E-18 2.84E-16
AT1G76410 1.858853 3.155446 46.24928 1.04E-11 2. 48E-10
AT2G15890 1.843736 5408107 178.113 1.25E-40 3.45E-38
AT4G20140 1.831471 3578929 58.14268 2 44E-14 8.11E-13
AT3G13065 1.826292 5.376703 172.8588 1.76E-39 4.67E-37
AT1G52750 1.817985 3.488648 54.5804 1.49E-13 4 52E-12
AT5G54190 1.795504 4.821994 123.254 1.23E-28 1.61E-26
AT3G62150 1.775038 4474784 97.01024 6.90E-23 5.85E-21
AT2G31010 1.768041 3458978 50.68668 1.08E-12 2.93E-11
AT1G56150 1.742507 2.883032 35.79065 2 20E-09 3.67E-08
AT3G51660 1.735102 3.335497 4527936 1.71E-11 3.93E-10
AT1G22550 1.733088 3.748928 58.94168 1.62E-14 5.47E-13
AT5G06690 1.732088 4.76762 111.8045 3.94E-26 4 43E-24
AT1G70420 1.715052 3.000269 37.36539 9.79E-10 1.73E-08
AT5G65390 1.712067 3.870324 62.22344 3.07E-15 1.16E-13
AT2G30600 1.709636 6.417222 238.2293 9.57E-54 4 81E-51
AT3G62550 1.707982 4711067 105.3255 1.04E-24 1.04E-22
AT2G25930 1.695291 3.890908 62.06362 3.33E-15 1.24E-13
ATI1G28330 1.688552 4432148 86.01107 1.79E-20 1.23E-18

AT5G42420 1.671915 3.616835 50.92041 9.62E-13 2.64E-11
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Gene logFC logCPM LR PValue p.ad
AT4G35770 1.664234 5.177903 131.4534 1.97E-30 3.12E-28
AT4G32280 1.663111 3.424676 44 6455 2.36E-11 5.26E-10
AT5G36700 1.660527 3.64819 51.427 7.43E-13 2.04E-11
AT1G77210 1.654193 4540245 89.46247 3.13E-21 2.30E-19
AT4G13260 1.646034 3.118896 36.81996 1.30E-09 2.24E-08
AT2G22830 1.643134 3.110814 36.77277 1.33E-09 2.29E-08
AT5G22500 1.642957 4355498 78.02563 1.02E-18 5.66E-17
AT1G05805 1.638331 5909347 176.8005 2 42E-40 6.55E-38
AT4G04408 1.637953 2.95199 33.42628 7.40E-09 1.14E-07
AT2G15810 1.628932 2533329 25.64465 4.10E-07 4 46E-06
AT3G53800 1.624301 5.164958 125.6449 3.68E-29 5.12E-27
AT2G42040 1.62139 4713261 96.44627 9.17E-23 7.73E-21
AT5G54510 1.619989 3.972055 60.20761 8.54E-15 3.00E-13
AT5G43440 1.613493 4220451 69.16704 9.05E-17 4.16E-15
AT4G37220 1.599104 3.624677 474668 5.59E-12 1.38E-10
AT1G78600 1.565105 3.580454 44 38785 2.69E-11 5.93E-10
AT5G57550 1.553518 3.401719 38.98747 4 27E-10 7.98E-09
ATA4G30850 1.552898 2789278 27.68408 1.43E-07 1.71E-06
AT1G02300 1.550311 4294333 67.58068 2.02E-16 8.98E-15
AT4G16000 1.536328 4247721 64.33109 1.05E-15 430E-14
AT5G56320 1.535272 2.916862 29.0814 6.94E-08 8.82E-07
AT1G69890 1.52348 4251277 63.45855 1.64E-15 6.51E-14
AT1G11070 1.508233 4260245 62.96175 2.11E-15 8.19E-14
AT5G22270 1.500339 4306291 64.34216 1.05E-15 429E-14
AT2G33500 1.494807 3.563123 40.64124 1.83E-10 3.61E-09
AT3G01830 1.494559 3.61039 41.59369 1.12E-10 2.27E-09
AT5G622380 1.476166 4367634 65.46928 5.90E-16 247E-14
AT1G53830 1.468811 3.018552 28.64664 8.69E-08 1.08E-06
ATI1GI12775 1.463787 3.603654 40.12151 2.39E-10 4.62E-09
AT1G79160 1.463528 5172341 105.3763 1.01E-24 1.02E-22
AT2G44940 1.444197 5.05753 96.38269 947E-23 7.93E-21
ATI1G53110 1.440929 3.166083 29.97078 4 39E-08 5.86E-07
AT4G34950 1.427547 6273152 161.8909 4 37E-37 9.92E-35
AT4G03510 1.42487 4151383 53.20408 3.01E-13 8.71E-12
AT2G40850 1.416095 3.173584 29.1694 6.63E-08 3 48E-07
AT4G31050 1.408999 3467314 34.23522 4 88E-09 7.80E-08
AT4G04409 1.408807 3.141496 28.43812 9.67E-08 1.20E-06
AT1G47860 1.40573 3.845185 43.2801 4.74E-11 1.01E-09
AT2G20815 1.402987 3415627 3291677 9.62E-09 1.45E-07
AT5G62865 1.401723 3.376207 32.00727 1.54E-08 2.22E-07
AT2G04240 1.395125 4455802 6291721 2.16E-15 8.36E-14

AT2G44740 1.394997 4482313 63.80357 1.37E-15 5.54E-14
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AT2G28660 1.3944 2.784534 2270731 1.89E-06 1.76E-05
AT3G12050 1.388906 5925339 132.2286 1.33E-30 2.13E-28
AT4G18170 1.38599 2.776581 22.3663 2.25E-06 2.06E-05
AT5G63930 1.385116 4394435 59.32055 1.34E-14 4 59E-13
AT3G14460 1.380969 2.61972 20.50793 5.94E-06 4 88E-05
AT5G52882 1.380017 5.508703 112.7758 2 42E-26 2.79E-24
AT4G27870 1.373972 5.890034 127.8784 1.19E-29 1.71E-27
AT1G76090 1.365738 5.890561 126.425 2 A8E-29 3.49E-27
AT2G21880 1.365507 3.969465 4433058 2.77E-11 6.09E-10
AT4G36150 1.348473 4330546 54.18734 1.82E-13 5.46E-12
AT4G16870 1.346717 6.004044 128.4764 8.83E-30 1.29E-27
AT5G34800 1.341371 3.225887 27.09114 1.94E-07 2.26E-06
AT1G75960 1.338206 3.594756 33.74274 6.29E-09 9.83E-08
AT4G03230 1.333963 4.8368901 7438119 6.44E-18 3.36E-16
AT5G24318 1.331962 3.088654 2493948 5.92E-07 6.23E-06
AT2G42870 1.329761 3.556307 32.5052 1.19E-08 1.76E-07
AT5G28626 1.323192 3.427424 2974793 4 92E-08 6.47E-07
AT3G48390 1.323167 4.040835 4357655 4.08E-11 8.77E-10
AT3G27520 1.317977 2970219 2287564 1.73E-06 1.63E-05
AT5G08770 1.315073 2.960239 2279976 1.80E-06 1.68E-05
AT2G37678 1.314295 3.537635 31.55789 1.94E-08 2.75E-07
AT4G21400 1.309815 3.382886 2825331 1.06E-07 1.30E-06
AT2G05540 1.306842 5.993779 120.9522 391E-28 5.01E-26
AT3G53510 1.306507 3.625769 33.00064 921E-09 1.39E-07
AT4G38850 1.304339 4222595 472283 6.32E-12 1.55E-10
AT3G67520 1.302267 3.969387 40.56984 1.90E-10 3.73E-09
AT4G23190 1.302056 3.687221 34.1505 5.10E-09 8.11E-08
AT2G23330 1.300194 3.139763 2458736 7.10E-07 7.36E-06
AT1G61500 1.297954 4.190093 46.12907 I.11E-11 2.63E-10
AT3G52240 1.29519 5.204695 85.31418 2.55E-20 1.69E-18
AT3G20830 1.292758 3.712304 34.266 4 81E-09 7.69E-08
AT5G38040 1.292159 3.439988 28.81831 7.95E-08 9.97E-07
AT2G42320 1.289815 6.661237 155.0521 1.36E-35 2.87E-33
AT1G28130 1.288523 2915619 2140503 3.72E-06 3.21E-05
AT1G03457 1.286051 4682461 6227722 2 98E-15 1.13E-13
AT3G58620 1.277363 5.04442 76.44936 2.26E-18 1.22E-16
AT3G16740 1.276433 3.607914 31.20198 2.33E-08 3.24E-07
AT2G46310 1.271064 3.910925 37.66242 841E-10 1.50E-08
AT3G06455 1.255468 3.230179 2417884 8.78E-07 8.91E-06
AT3G30180 1.254201 5627047 98.71984 2 91E-23 2.57E-21
AT1G09570 1.249802 7.902887 150.1264 1.63E-34 3.22E-32

AT2G30250 124622 4285456 45.31777 1.68E-11 3.87E-10
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AT5G07130 1.246126 2.95434 20.39933 6.29E-06 5.14E-05
AT1G44350 1.244687 4998389 70.90721 3.74E-17 1.82E-15
AT3G60220 1.241346 4.03345 38.60691 5.18E-10 9.57E-09
AT3G46370 1.239916 5.308592 83.11784 7.73E-20 4 84E-18
AT5G66880 1.238712 4.023967 38.15322 6.54E-10 1.19E-08
AT2G32550 1.234465 2.854236 19.04059 1.28E-05 9.77E-05
AT1G20840 1.231684 5.193013 77.09102 1.63E-18 8.98E-17
AT5G18930 1.229743 2943977 19.763 8.77E-06 6.92E-05
AT1G15020 1.227077 5902622 104.1321 1.89E-24 1.86E-22
AT5G65925 1.224998 2850617 18.69918 1.53E-05 0.000115
AT1G22740 1.224111 4974158 67.60139 2.00E-16 8.93E-15
AT1G74930 1.222042 3487951 26.8542 2.19E-07 2.52E-06
AT4G30940 1.220599 3.224071 2297433 1.64E-06 1.56E-05
AT5G47240 1.219809 3.088553 21.14991 4 25E-06 3.61E-05
AT5G60860 1.214219 3.986978 36.09988 1.87E-09 3.16E-08
AT3G48290 1.211441 3.177373 21.96825 2.77E-06 2 48E-05
AT1G26580 1.204928 6.611458 134.2653 4.78E-31 7.92E-29
AT3G56720 1.204827 4486138 48.50622 3.29E-12 8.36E-11
AT2G40620 1.203698 4.085546 37.56806 8.83E-10 1.57E-08
AT1G75240 1.199518 2.996388 19.55444 9.78E-06 7.65E-05
AT5G12950 1.198744 6.464421 126.5405 2 34E-29 3.33E-27
AT1G78210 1.195383 4.889649 61.64594 4.11E-15 1.51E-13
AT3G60965 1.190261 441167 4530065 1.69E-11 3.89E-10
AT5G63620 1.189433 5470368 83.73324 5.66E-20 3.61E-18
AT5G39020 1.188952 3.680828 28.65217 8.66E-08 1.08E-06
ATIG17147 1.187905 2914222 18.22852 1.96E-05 0.000143
AT1G70430 1.187372 3.067435 19.88329 8.23E-06 6.54E-05
AT4G31890 1.185562 4376172 4376489 3.70E-11 8.01E-10
AT5G57785 1.184401 3.203079 21.37558 3.78E-06 3.25E-05
AT4G29050 1.184039 3.578594 26.66257 2 42E-07 2.76E-06
AT4G19540 1.178114 5349475 77.50778 1.32E-18 7.30E-17
AT1G13210 1.174747 5988185 98.7528 2.86E-23 2.55E-21
AT1G03090 1.168431 5988779 97.69422 4 88E-23 4. 24E-21
AT2G45920 1.167977 4.002143 33.72673 6.34E-09 9.90E-08
AT2G43200 1.167777 4603099 4961391 1.87E-12 4 94E-11
AT5G02260 1.165776 3.301992 21.81881 3.00E-06 2.66E-05
AT4G19700 1.16305 4015137 33.91207 5.77E-09 9.07E-08
AT4G05631 1.151142 3.690203 27.35296 1.70E-07 1.99E-06
AT1G21730 1.1482 4561669 46.86793 7.59E-12 1.84E-10
AT3G02860 1.147467 6.125715 101.0519 8.96E-24 8.19E-22
AT3G27880 1.145488 2.884207 16.78522 4.19E-05 0.000282

AT2G46490 1.142897 4571171 46.58451 3. 78E-12 2.11E-10
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AT5G03700 1.142268 3.472428 2338633 1.33E-06 1.28E-05
AT1G33970 1.141822 5.018692 60.91676 5.95E-15 2.14E-13
AT1G56140 1.1418 4361432 40.45073 2.02E-10 3.95E-09
AT1G75310 1.141434 6.159105 101.496 7.16E-24 6.63E-22
AT1G22400 1.14053 5.081909 63.06659 2.00E-15 7.81E-14
AT4G36790 1.139715 3.854706 2956108 542E-08 7.09E-07
AT5G46500 1.137713 3.989695 32.02042 1.53E-08 2.21E-07
AT5G23955 1.134192 3422528 22.18326 2 48E-06 2.24E-05
AT1G70820 1.133658 7.144148 131.0656 2 40E-30 3.71E-28
AT2G20250 1.130669 4541425 4492387 2.05E-11 4.62E-10
AT4G14270 1.130644 4471263 42 8823 5.81E-11 1.22E-09
AT5G18640 1.125034 5.079609 61.20002 5.16E-15 1.88E-13
AT4G14230 1.124721 5.251004 67.27866 2.36E-16 1.03E-14
AT1G21830 1.115618 4301225 37.18451 1.07E-09 1.88E-08
ATI1G77170 1.115041 2.996488 16.98557 3.77E-05 0.000256
AT1G02640 1.108134 6.36924 104.9145 1.28E-24 1.26E-22
AT5G18130 1.101462 3.847341 27.54441 1.54E-07 1.82E-06
AT2G28360 1.098454 4289898 35.82027 2.16E-09 3.62E-08
AT5G45960 1.091542 2.943772 15.95198 6.50E-05 0.000417
AT2G27770 1.09105 4274844 35.22217 2 94E-09 4 83E-08
AT5G05890 1.087588 4452316 39.38482 348E-10 6.58E-09
AT1G33770 1.084716 4571974 4230593 7.81E-11 1.60E-09
AT5G43730 1.084406 3.183998 17.8986 2.33E-05 0.000167
AT3G07010 1.08388 6.008312 85.68289 2.11E-20 1.42E-18
AT5G45830 1.083163 2.896996 152104 9.62E-05 0.000586
AT3G57130 1.081569 3985951 29.07673 6.96E-08 8.84E-07
AT1G63260 1.079489 5216801 61.15763 5.27E-15 1.91E-13
AT5G10570 1.078324 2.861972 14.88187 0.000114 0.000685
AT5G04770 1.078151 3.760344 25.0216 5.67E-07 6.00E-06
AT4G27450 1.076752 6.607938 108.1283 2.52E-25 2.63E-23
AT2G39480 1.075093 6.030845 85.45697 2.37E-20 1.58E-18
AT5G57565 1.074092 4.055906 29.87952 4.60E-08 6.07E-07
AT1G01240 1.068762 6.007118 83.41973 6.64E-20 4.19E-18
AT4G31240 1.066167 3.00839 15.816 6.98E-05 0.000444
AT2G22800 1.065279 4531511 39.90376 2.67E-10 5.12E-09
AT5G65440 1.064355 6.199313 90.4243 1.92E-21 1.45E-19
AT3G63380 1.063735 3.22805 17.79658 2 46E-03 0.000176
AT4G00950 1.062264 5.047389 5412631 1.88E-13 5.61E-12
AT5G28630 1.060269 3269725 18.02946 2.18E-05 0.000157
AT3G15630 1.056793 4141678 30.35883 3.59E-08 4.85E-07
AT5G11610 1.056551 3.928881 26.88448 2.16E-07 2.49E-06

AT1G05780 1.054908 2999176 15.40693 3.67E-05 0.000534
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AT4G22540 1.054586 6.43741 98.14269 3.89E-23 3.40E-21
AT3G13860 1.049876 3.030823 15.4332 8.55E-05 0.000529
AT1G22540 1.049371 4223632 31.49916 2.00E-08 2.83E-07
AT2G02220 1.048802 5.54941 68.5535 1.23E-16 5.59E-15
AT5G26340 1.047476 3.020707 15.38153 8.78E-05 0.00054
AT2G01340 1.042448 4.08756 28.64215 8.71E-08 1.09E-06
AT2G20780 1.039946 4124063 29.24042 6.39E-08 8.23E-07
AT5G35370 1.038982 4729981 4321314 491E-11 1.04E-09
AT1G20390 1.031696 3.889763 25.09433 5.46E-07 5.81E-06
AT5G37930 1.028893 4503288 36.61311 1.44E-09 2 46E-08
AT1G04360 1.028201 4.162962 2935757 6.02E-08 7.80E-07
AT5G10790 1.027271 3.712719 22.18968 2 47E-06 2.23E-05
AT2G15960 1.025361 5018198 49.67252 1.82E-12 4 82E-11
AT5G07610 1.025226 3.184896 16.17456 5.78E-05 0.000376
AT1G03990 1.023328 2.864461 13.36923 0.000256 0.00138
AT5G53550 1.017885 5535395 64.40655 1.01E-15 4.17E-14
AT1G16030 1.01712 3.476721 18.88889 1.39E-05 0.000105
AT5G19530 1.016236 5342903 58.15464 2 42E-14 8.08E-13
AT1G22530 1.016206 7.173876 106.3765 6.10E-25 6.22E-23
AT4G31000 1.016131 5.598149 65.69184 5.27E-16 2.22E-14
AT3G19553 1.010757 6.255349 84.1074 4.69E-20 3.04E-18
AT1G63240 1.010278 4.333709 31.66237 1.83E-08 2.63E-07
AT2G39580 1.00804 6.902308 102.6622 397E-24 3.81E-22
AT2G45400 1.005659 4356409 31.94572 1.59E-08 2.29E-07
AT1G27460 1.004682 6.411598 88.68604 4.63E-21 3.32E-19
AT3G42250 1.002961 5.713079 66.69746 3.17E-16 1.36E-14
AT5G03050 1.00286 3.703478 21.20797 4 12E-06 3.52E-05
AT3G61350 1.00207 3.349519 16.90054 3.94E-05 0.000267
AT4G19890 1.001303 3.017574 14.04835 0.000178 0.00101
AT1G75140 1.000917 4261786 2953342 5.50E-08 7.18E-07

RMD-PSR2vsCol.down

Gene logFC  logCPM LR PValue p.ad
AT2G14610 -5.80435 1.654214 73.27472 1.13E-17 5.73E-16
AT3G24463  -4.12635 4.118576 260.9954 1.04E-58 6.11E-56
AT1G35140 -3.96708 5.989832 708.1141 5.14E-156 3.62E-152
AT1G26790 -3.86661 2.434913 88.17121 6.00E-21 4.25E-19
AT4G34550 -3.73457  3.17389 130.8612 2.66E-30 4.06E-28
AT3G24460 -3.45653 6.339527 711.7868 8.18E-157 1.15E-152
AT3G21890 -3.44419 2.602158 85.9575 1.84E-20 1.26E-18

AT2G27420 -3.03748 6.445434 625.603 4.52E-138 2.12E-134
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Gene
ATI1G78440
AT3G17790
AT4G01080
AT1G07373
AT1G07367
AT5G61350
ATI1G01520
AT4G08950
AT1G24580
AT5G08640
AT1G21910
AT3G21150
AT5G63160
AT1G24140
AT3G54810
AT5G37300
AT3G22840
AT5G37550
AT1G65870
AT1G02460
ATI1G50040
AT5G14760
AT5G45340
AT3G57540
AT4G23990
AT2G41240
ATI1G62560
AT2G41190
AT1G27020
AT5G52050
AT3G55580
AT4G03060
AT1G60590
AT1G33760
AT3G19680
ATI1G72520
AT3G55840
AT5G57560
AT5G417350
AT5G54130
AT1G23205
AT4G37320

logFC
-2.95519
-2.90801
-2.88749
-2.88318
-2.82844
-2.79665
-2.77384
-2.7442
-2.69028
-2.6175
-2.48894
-2.42995
-2.39068
-2.38929
-2.38091
-2.33704
-2.31835
-2.31805
-2.28486
-2.26327
-2.23761
-2.20811
-2.19232
-2.17676
-2.16075
-2.15383
-2.14299
-2.1137
-2.08841
-2.08794
-2.06607
-2.04516
-2.04082
-2.03632
-2.02468
-1.99

-1.98322
-1.97777
-1.96963
-1.94977
-1.94821
-1.92202

logCPM
2.99512
3.296977
5.866605
3.175543
2.943916
3.743117
4.440592
6.315754
3.748417
5.79005
5.676207
3.553299
6.796731
3.246441
6.157091
5.43189
4.091224
2.800877
4.836444
2715897
5.225314
6.289865
4917104
2.869436
4.352601
3.87035
5.696509
4.559338
2.726721
3.966204
3.17878
4.258103
6.488475
3.355393
7.378412
4953312
2.656669
6.890558
5.598355
6.319336
5.287017
4.326921

62

LR
89.59435
103.4748
451.0064
95.36406
82.02055
128.8721
1977545
510.2222
122.5102
379.3387
334.9356
93.44969
488.9003
75.71608
380.2167
273.9181
121.0036
56.29989
189.4131
5143125
228.2609
356.8264

184.695
53.06819
128.0116
94.04329
266.508
140.7353
45.44474
94.74491
57.57163
108.891
340.1512
62.23129
384.4249
161.3483
39.89162
361.9623
222.444
292.6639
189.1676
102.3442

PValue
2.92E-21
2.64E-24

4 36E-100
1.58E-22
1.35E-19
7.23E-30
6.45E-45

5.67E-113
1.78E-28
1.73E-84
8.09E-75
4.17E-22

2 47E-108
3.28E-18
1.12E-84
1.59E-61
3.81E-28
6.22E-14
4.27E-43
7.41E-13
1.43E-51
1.38E-79
4.57E-42
3.22E-13
1.12E-29
3.09E-22
6.55E-60
1.84E-32
1.57E-11
2.17E-22
3.26E-14
1.71E-25
5.91E-76
3.05E-15
1.35E-85
5.74E-37
2.68E-10
1.05E-80
2.65E-30
1.31E-65
4.83E-43
4.67E-24

PCT/US2019/044971

p.ad
2.17E-19
2.58E-22
8.76E-97
1.29E-20
8.24E-18
1.08E-27
2.22E-42
1.60E-109
2.33E-26
2.22E-81
7.59E-72
3.24E-20
5.80E-105
1.75E-16
1.57E-81
1.18E-58
4 93E-26
1.97E-12
1.40E-40
2.04E-11
6.28E-49
1.50E-76
1.37E-39
9.27E-12
1.62E-27
2.43E-20
4.01E-57
3.32E-30
3.66E-10
1.73E-20
1.07E-12
1.83E-23
5.95E-73
1.16E-13
2.12E-82
1.28E-34
5.15E-09
1.23E-77
1.10E-47
1.08E-62
1.55E-40
4.38E-22
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Gene
ATI1G56600
AT1G72240
AT1G66090
AT3G56260
AT5G42760
AT1G09350
AT5G64550
AT4G22620
AT4G32920
AT3G61490
AT1G65060
AT3G56930
AT5G25240
AT3G56970
AT1G19490
AT4G13990
AT3G22550
AT5G67300
AT3G23170
AT5G54930
AT5G49430
AT2G36590
AT1G60190
AT3G09600
AT5G01790
AT1G64780
AT2G21320
AT2G32960
AT3G08770
AT2G36800
AT3G50800
AT3G26590
AT5G17300
AT3G50060
AT1G02820
AT3G14620
AT4G11280
AT3G27170
AT3G094350
AT3G19970
AT1G58520
AT2G17230

logFC
-1.91584
-1.91576
-1.90332
-1.88733
-1.88168
-1.87186
-1.84102
-1.83793
-1.83596
-1.83485
-1.83068
-1.82522
-1.79316
-1.78751
-1.77614
-1.77555
-1.76613
-1.7661
-1.75715
-1.75479
-1.75383
-1.74795
-1.74673
-1.74627
-1.74062
-1.72327
-1.7189
-1.71754
-1.70762
-1.70621
-1.70072
-1.68789
-1.67501
-1.67226
-1.66741
-1.65909
-1.65636
-1.65278
-1.65181
-1.64786
-1.64455
-1.64184

logCPM
4.254629
3.265095
4.869629
2.963076
4.45417
3.540136
4.01971
2.766998
5.786431
4.066092
5.912277
3.689114
4.371859
3.194532
4.319899
3.266006
4411053
6.108394
3.285852
2.80619
5.393102
5.551761
3.32658
6.10639
5.021022
7.124483
5.741178
3.856554
2.891078
4.60266
3.463251
5.602366
6.288559
6.43578
5.953152
4.823626
7.20258
5.448615
4.810443
3.76595
7.705115
6.119244

63

LR
97.11945
53.51539

142.455
44.13863
108.1118
60.58647
79.32113
37.35782
211.3009
80.92013
219.7326
63.81541
94.07702
45.68529

89.3898
47.02625
94.62375
224.2983
46.58644
35.44908
166.0528
178.6533
47.58885
219.0048
1342922
289.4401

184.781
63.27081
35.72495
100.6307
49.16165
170.6044
221.2249
2343078
188.7073

109.512
270.204
154.1989
108.4522
55.98804
255.7671
198.1967

PValue
6.53E-23
2.57E-13
7.73E-33
3.06E-11
2.54E-25
7.04E-15
5.28E-19
9.83E-10
7.15E-48
2.35E-19
1.03E-49
1.37E-15
3.03E-22
1.39E-11
3.24E-21
7.00E-12
2.30E-22
1.04E-50
8.77E-12
2.62E-09
5.39E-38
9.54E-41
5.26E-12
1.49E-49
4.72E-31
6.58E-65
4.38E-42
1.80E-15
2.27E-09
1.11E-23
2.36E-12
5.46E-39
4.89E-50
6.85E-53
6.09E-43
1.25E-25
1.02E-60
2.10E-35
2.14E-25
7.29E-14
1.44E-57
5.17E-45

PCT/US2019/044971

p.ad
5.64E-21
7.52E-12
1.43E-30
6.69E-10
2.63E-23
2.50E-13
3.02E-17
1.73E-08
2.58E-45
1.42E-17
3.94E-47
5.53E-14
2.40E-20
3.25E-10
2.38E-19
1.71E-10
1.83E-20
4 45E-48
2.11E-10
4.32E-08
1.31E-35
2.74E-38
1.30E-10
5.52E-47
7.90E-29
5.15E-62
1.34E-39
7.12E-14
3.78E-08
1.01E-21
6.14E-11
1.37E-36
1.97E-47
3.33E-50
1.90E-40
1.35E-23
7.21E-58
4.27E-33
2.26E-23
2.28E-12
8.09E-55
1.82E-42



WO 2020/028850

Gene
AT2G41640
AT5G47910
AT5G53200
AT4G31800
AT5G19875
AT1G02380
AT5G50800
AT1G19640
AT5G15950
AT3G44860
AT4G25630
AT5G14700
AT1G56430
AT4G03450
AT3G17609
AT1G10640
AT1G69260
AT3G55980
AT4G35783
AT5G13200
AT1G27940
AT4G33040
AT3G18600
AT2G39710
AT2G40130
AT5G24155
AT3G58990
ATI1G17100
AT3G06530
AT2G38210
ATI1G72910
AT4G15248
AT2G27080
AT1G05170
ATI1G35710
AT3G17130
AT2G39650
AT3G18950
AT3G59670
AT2G05632
AT3G14870
AT4G27940

logFC
-1.63204
-1.62443
-1.61438
-1.61383
-1.6116
-1.59419
-1.59377
-1.59111
-1.57909
-1.57428
-1.57158
-1.56877
-1.56702
-1.56041
-1.56031
-1.54415
-1.54383
-1.5312
-1.52817
-1.52214
-1.51183
-1.49287
-1.49133
-1.48559
-1.47488
-1.4729
-1.47007
-1.46917
-1.46426
-1.46094
-1.45908
-1.45763
-1.45479
-1.45274
-1.44561
-1.44147
-1.43338
-1.4331
-1.42991
-1.4295
-1.42858
-1.42776

logCPM
3.650698
6.551498
4.218603
4.201268
3.377445
4.078576
4.008607
4.20509
6.973379
4.35502
4.60285
3.61498
5.574638
2.908947
5.074862
4.577658
2.967162
7.317509
2.798981
4.434534
2.662405
2.599461
4.41131
4.466998
4.050132
4.304957
5.696849
6.357358
5.802592
4157373
6.130389
3.674267
5.123598
5.200851
6.4188
2.997054
3.817169
4.943402
5.328591
2.644176
2.978689
4.823206

64

LR
50.81996
231.4129
70.42537
69.68136

41.9089

63.62651
61.33031
68.01019
243.5055
74.19116
87.15278
46.47473
148.0574
30.41858
1137315
83.51799
31.08724
232.8876
27.8074

73.40378
25.14952
23.87251
70.11723
71.82174
54.41008
63.25795
137.3827
179.7094
141.7832
56.78354
160.4801
42.55656
102.8726
107.1221
178.5978
28.04608
44.81575
90.65062
111.1244
22.45927
27.38881
83.94828

PValue
1.01E-12
2.93E-52
4.78E-17
6.97E-17
9.56E-11
1.50E-15
4.83E-15
1.63E-16
6.77E-55
7.09E-18
1.00E-20
9.28E-12
4.61E-34
3.48E-08
1.49E-26
6.31E-20
2 47E-08
1.40E-52
1.34E-07
1.06E-17
5.31E-07
1.03E-06
5.59E-17
2.36E-17
1.63E-13
1.81E-15
9.94E-32
5.61E-41
1.08E-32
4.87E-14
8.89E-37
6.87E-11
3.57E-24
4.19E-25
9.81E-41
1.18E-07
2.16E-11
1.71E-21
5.56E-26
2.15E-06
1.66E-07
5.08E-20

PCT/US2019/044971

p.ad
2.76E-11
1.33E-49
2.28E-15
3.24E-15
1.95E-09
6.03E-14
1.76E-13
7.29E-15
3.53E-52
3.67E-16
7.03E-19
2.23E-10
9.01E-32
4.72E-07
1.74E-24
4.00E-18
3 43E-07
6.56E-50
1.60E-06
541E-16
5.67E-06
1.03E-05
2.64E-15
1.17E-15
4 90E-12
7.15E-14
1.75E-29
1.64E-38
1.98E-30
1.56E-12
1.95E-34
1.42E-09
3.45E-22
4.30E-23
2.76E-38
1.43E-06
4.85E-10
1.30E-19
6.16E-24
1.97E-05
1.96E-06
3.28E-18



WO 2020/028850

Gene
AT4G03960
AT3G44970
AT3G16910
AT5G04950
AT4G37260
AT5G62210
AT3G48240
AT1G65860
AT2G01300
AT1G66160
AT2G27840
AT4G12000
AT5G52320
AT2G28200
ATI1G65560
AT1G76620
AT2G20560
AT5G61600
AT4G21760
ATIGI10155
ATI1GI18850
ATI1G48100
AT3G57260
AT3G48460
AT4G16140
AT2G40750
AT4G08040
AT4G26730
AT1G24020
AT5G60270
AT2G41905
AT3G47640
AT5G09590
AT3G56400
AT1G77450
AT3G03770
AT5G58120
AT4G04610
AT2G40130
AT4G23490
AT2G33380
AT3G04710

logFC
-1.42684
-1.41179
-1.40703
-1.40633
-1.39621
-1.39568
-1.39349
-1.39345
-1.39299
-1.38972
-1.38773
-1.38277
-1.38185
-1.38006
-1.3787
-1.37309
-1.3703
-1.35713
-1.35646
-1.35188
-1.35138
-1.3505
-1.34702
-1.34499
-1.34367
-1.33999
-1.33867
-1.32887
-1.31933
-1.31663
-1.31515
-1.30938
-1.30741
-1.30613
-1.30543
-1.30152
-1.30046
-1.29547
-1.29421
-1.29022
-1.28527
-1.28139

logCPM
3.241526
3.371074
7.039867
4.874226
6.009001
3.290724
2.673645
5.437021
3.233173
4.446331
4.322034
4.935673
5.584338
4.550048
4.231569
4178523
2.932224
5.523291
3.4746
2.977575
3.774188
3.386444
3.250614
6.715632
3.937305
4.158856
3.557095
3.952952
4.505527
4.230707
3.029482
4.580461
6.195636
6.776017
3.717723
7.190513
6.050825
6.585584
4.414602
4.536686
5.922963
3.452289

65

LR
31.35829
33.07832
197.2526
83.94138
139.4959
30.8566
21.92857
112.0089
29.93406
62.88861
57.75308
84.81146
118.1046
66.49734
53.57277
51.74467
24.56193
111.1411
32.93203
2450938
39.3597
30.57884
28.07578
172.1946
4273597
48.72478
33.60248
42.46797
59.50299
49.15296
23.98474
61.65353
1349695
165.9815
3541119
172.4316
124.6332
154.3451
54.09712
58.13859
115.8128
2911172

PValue
2.15E-08
8.85E-09
8.31E-45
5.10E-20
3.43E-32
2.78E-08
2.83E-06
3.56E-26
4.47E-08
2.19E-15
2.97E-14
3.28E-20
1.64E-27
3.50E-16
2.49E-13
6.32E-13
7.20E-07
5.51E-26
9.54E-09
7.39E-07
3.52E-10
3.21E-08
1.17E-07
2.45E-39
6.26E-11
2.95E-12
6.76E-09
7.18E-11
1.22E-14
2.37E-12
9.71E-07
4.10E-15
3.35E-31
5.58E-38
2.67E-09
2.18E-39
6.12E-29
1.95E-35
1.91E-13
2.44E-14
5.22E-27
6.83E-08

PCT/US2019/044971

p.ad
3.02E-07
1.34E-07
2.78E-42
3.28E-18
6.11E-30
3.84E-07
2.53E-05
4.07E-24
5.94E-07
8.46E-14
9.77E-13
2.16E-18
2.03E-25
1.50E-14
7.32E-12
1.77E-11
7.44E-06
6.16E-24
1.44E-07
7.62E-06
6.66E-09
4.39E-07
1.41E-06
6.28E-37
1.30E-09
7.54E-11
1.05E-07
1.48E-09
4.21E-13
6.16E-11
9.74E-06
1.51E-13
5.76E-29
1.33E-35
4.39E-08
5.68E-37
8.29E-27
4.03E-33
5.68E-12
8.11E-13
6.18E-25
8.69E-07



WO 2020/028850

Gene
ATI1G55320
AT5G66740
AT1G47395
AT4G05410
AT5G18670
AT3G02020
AT5G15160
AT1G79150
AT4G01950
AT3G57660
AT1G69720
ATI1G63810
AT1G31690
AT1G02390
AT2G38995
AT5G19600
AT1G66250
AT2G23340
AT2G23290
AT3G57150
AT5G42830
AT1G76600
ATI1G32900
AT5G13210
AT5G58760
AT5G24660
AT3G56990
AT1G77280
AT5G01260
ATI1GI18590
AT4G21940
AT3G01820
AT2G41050
AT4G12030
ATI1G30530
AT5G40390
AT3G44750
AT2G25140
AT3G19970
AT1G79520
AT1G47510
AT4G32480

logFC
-1.2734
-1.27018
-1.26989
-1.2655
-1.26361
-1.26035
-1.25971
-1.25865
-1.2543
-1.25227
-1.25156
-1.25033
-1.24927
-1.24758
-1.24647
-1.24518
-1.24423
-1.24412
-1.2424
-1.24166
-1.23625
-1.2304
-1.22622
-1.22517
-1.2247
-1.22076
-1.21771
-1.21558
-1.21172
-1.21063
-1.20719
-1.20604
-1.2038
-1.20032
-1.19941
-1.199
-1.19798
-1.19708
-1.19669
-1.19568
-1.19407
-1.1921

logCPM
4.319682
5.168895
4.258049
4.341387
7.539231
6.384825
3.237315
4815618
7.059153
5.551238
3.107933
4.539113
3.826019
4.359654
5.202052
3.02459
4.210499
5.530096
5.659682
6.409471
3.148195
4.661822
8.211745
2.842808
4.159849
4.922569
4.585963
3.9767
5.777042
5.129795
3.98951
4.71069
3.633222
4.983405
6.595973
6.906135
4.621065
5.190647
3.339623
6.141938
2.913525
6.146284

66

LR
48.93775
82.03711
46.66573
49.28152
158.4391
136.6245
24.83497
66.10651
159.3119
97.09296
22.98854
5492126
35.03797
48.57546
80.64502
21.62112
43.67874
95.28118
99.20086
1343222
22.90315
57.56894

143.047
18.89313
41.14448
66.30315
53.94942
36.66859
98.56934
73.19473
36.24107
57.08455
29.05447
66.45179
133.8066
144.5706
53.43698
74.22466
23.79316
111.0563
18.85601
110.4787

PValue
2.64E-12
1.34E-19
8.42E-12
2.22E-12
2.48E-36
1.46E-31
6.25E-07
4.27E-16
1.60E-36
6.61E-23
1.63E-06
1.25E-13
3.23E-09
3.18E-12
2.70E-19
3.32E-06
3.87E-11
1.65E-22
2.28E-23
4.65E-31
1.70E-06
3.26E-14
5.74E-33
1.38E-05
1.41E-10
3.87E-16
2.06E-13
1.40E-09
3.14E-23
1.17E-17
1.74E-09
4.17E-14
7.04E-08
3.59E-16
6.02E-31
2.67E-33
2.67E-13
6.97E-18
1.07E-06
5.75E-26
1.41E-05
7.70E-26

PCT/US2019/044971

p.ad
6.83E-11
8.21E-18
2.04E-10
5.80E-11
5.29E-34
2.53E-29
6.54E-06
1.81E-14
3.46E-34
5.68E-21
1.55E-05
3.82E-12
5.27E-08
8.09E-11
1.61E-17
2.91E-05
8.34E-10
1.34E-20
2.05E-21
7.88E-29
1.61E-05
1.07E-12
1.08E-30
0.000105
2.82E-09
1.64E-14
6.08E-12
2.40E-08
2.76E-21
5.95E-16
2.96E-08
1.35E-12
8.92E-07
1.53E-14
9.74E-29
5.07E-31
7.80E-12
3.62E-16
1.07E-05
6.32E-24
0.000107
8.40E-24



WO 2020/028850

Gene
AT3G52370
AT5G58620
AT1G33265
AT4G27070
AT4G27280
AT2G34655
AT3G62260
AT1G19970
AT5G65920
AT4G13410
AT5G41460
ATI1G0O1210
AT5G06550
ATI1G18900
AT3G23990
AT5G52310
AT5G13750
AT5G24150
AT3G59670
AT1G70985
AT2G30040
ATI1G59660
AT5G12080
AT1G69310
AT3G30720
AT1G10490
AT3G23510
AT3G55120
AT1G69870
AT4G27010
AT4G35290
AT2G44500
AT1G04520
AT3G12270
AT3G47420
ATI1G73390
AT1G79270
ATI1G22350
AT1G61890
AT1G29170
AT5G57685
AT5G28030

logFC
-1.19208
-1.18912
-1.18642
-1.18628
-1.18424
-1.18152
-1.17848
-1.1778
-1.17703
-1.17541
-1.17514
-1.17178
-1.16387
-1.16327
-1.15283
-1.15197
-1.15137
-1.15046
-1.1458
-1.14579
-1.14432
-1.14392
-1.14321
-1.14028
-1.1402
-1.1398
-1.13829
-1.13581
-1.13534
-1.13368
-1.13336
-1.1332
-1.13217
-1.12725
-1.12691
-1.12589
-1.12546
-1.12516
-1.12471
-1.12144
-1.12129
-1.12057

logCPM
5.538939
3.99836
3.205998
3.960167
6.183026
3.370799
4.632252
4117878
4.212501
3.544174
3.743431
3.98048
2.90713
5.37263
6.587086
6.49454
3.959917
7.70429
4.894129
4.095871
4.110491
2.687228
5.117173
3.004036
3.060921
5.000475
5.062615
5.23875
6.177086
3.473752
5.188329
5.230547
5.444876
4.22599
6.644904
6.55764
6.72562
3.589184
5.864204
5.187821
3.607499
5.414577

67

LR
88.14576
35.42399
21.87032
34.56237

111.312
23.59262
5220374
37.19099
39.53309
26.46807
29.76657
34.17975
17.97866
77.64741
123.6877
119.8885
32.73561
129.9251
58.04238
35.09166
35.30239
15.30623
65.40541
18.14378
18.65726
61.0713
63.11546
69.1466
102.4208
23.45601
66.98229
68.41032
76.54097
36.62684
120.7697
117.241
123.5167
2493892
88.29422
65.61613
24.98268
73.72029

PValue
6.08E-21
2.65E-09
2.92E-06
4.13E-09
5.06E-26
1.19E-06
5.00E-13
1.07E-09
3.23E-10
2.68E-07
4.87E-08
5.02E-09
2.23E-05
1.23E-18
9.86E-29
6.69E-28
1.06E-08
4.26E-30
2.57E-14
3.15E-09
2.82E-09
9.14E-05
6.10E-16
2.05E-05
1.56E-05
5.50E-15
1.95E-15
9.14E-17
4 49E-24
1.28E-06
2.74E-16
1.33E-16
2.16E-18
1.43E-09
4.29E-28
2.54E-27
1.07E-28
5.92E-07
5.64E-21
5.48E-16
5.78E-07
9.00E-18

PCT/US2019/044971

p.ad
4.28E-19
4 37E-08
2.60E-05
6.66E-08
5.69E-24
1.17E-05
1.40E-11
1.88E-08
6.13E-09
3.03E-06
6.42E-07
8.00E-08
0.000161
6.83E-17
1.32E-26
8.41E-26
1.58E-07
6.44E-28
8.50E-13
5.14E-08
4.64E-08
0.00056
2.54E-14
0.000149
0.000117
1.99E-13
7.66E-14
4.19E-15
4.24E-22
1.24E-05
1.18E-14
5.99E-15
1.17E-16
2.45E-08
5.44E-26
3.06E-25
1.43E-26
6.23E-06
4.01E-19
2.30E-14
6.11E-06
4.62E-16



WO 2020/028850

Gene
AT5G58310
AT1G70000
AT5G47550
AT2G32295
AT4G13800
AT4G37310
AT1G47400
AT1G45249
AT2G36630
AT2G14247
AT4G20170
AT5G11650
AT1G78450
AT2G47440
AT2G37690
AT2G38860
AT1G32450
AT4G27560
AT3G25700
AT3G16175
AT4G35320
AT5G02230
AT5G54250
AT1G808350
AT3G14850
AT3G27340
AT1G64620
AT2G14050
AT1G29600
ATI1G13609
ATI1G02180
AT3G63110
AT1G73500
AT1G67470
AT5G08610
AT5G58770
AT5G11260
AT3G26960
AT5G02930
AT3G23580
AT1G15440
AT1G62180

logFC
-1.11897
-1.11724
-1.11641
-1.1164
-1.11409
-1.11144
-1.10601
-1.10553
-1.09976
-1.09909
-1.09754
-1.09652
-1.09616
-1.09509
-1.09468
-1.09459
-1.09283
-1.09267
-1.09027
-1.08993
-1.08967
-1.08951
-1.08943
-1.08636
-1.08629
-1.08514

-1.085
-1.08353
-1.08236
-1.0804
-1.07951
-1.07828
-1.07576
-1.0746
-1.07418
-1.07336
-1.07245
-1.07041
-1.0678
-1.06757
-1.0663
-1.06599

logCPM
3.859308
5.764839
4.775057
4.826503
4.862015
6.639421
3.862664
5.879004
7.266761
4.541839
6.012828
6.045102
4.290683
7.646326
3.896444
5.134468
5.154111
4.44601
4.500328
3.124726
5.50841
5.228673
6.346344
4950761
2.70703
4.657427
3.961354
3.357651
2.939056
5.673387
3.415213
5.459074
5.163311
4.265619
6.622774
6.59646
3.99622
4173467
3.249406
5.801255
4.088087
6.282347

68

LR
29.07488
84.43379
51.54179
53.08981
53.98793
117.4017
28.59877
85.73078
125.5715
43.35203
88.88493

90.1432
36.22256
118.7375
28.37893
60.52468
61.09373
40.07247

41.373

17.81868
73.36547
63.59681
101.8687

542012
14.07577
45.34049
29.27035
19.90817
15.87987
76.81404
20.53439
69.94347
59.87738

34.2684
109.5321
108.2296
2919519
3223571
18.43713
78.32411
30.46868

95.1162

PValue
6.96E-08
3.97E-20
7.01E-13
3.19E-13
2.02E-13
2.34E-27
8.90E-08
2.06E-20
3.82E-29
4. 57E-11
4.18E-21
2.22E-21
1.76E-09
1.20E-27
9.97E-08
7.27E-15
5.44E-15
2.45E-10
1.26E-10
2.43E-05
1.08E-17
1.53E-15
5.93E-24
1.81E-13
0.000176
1.66E-11
6.30E-08
8.13E-06
6.75E-05
1.88E-18
5.86E-06
6.10E-17
1.01E-14
4.80E-09
1.24E-25
2.39E-25
6.54E-08
1.37E-08
1.76E-05
8.74E-19
3.39E-08
1.80E-22
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p.ad
8.84E-07
2.59E-18
1.95E-11
9.19E-12
5.99E-12
2.84E-25
1.11E-06
1.40E-18
5.27E-27
9.77E-10
3.04E-19
1.65E-19
2.98E-08
1.49E-25
1.23E-06
2.57E-13
1.97E-13
4.72E-09
2.53E-09
0.000174
5.49E-16
6.10E-14
5.53E-22
5.43E-12
0.000997
3.83E-10
8.14E-07
6.46E-05
0.00043
1.02E-16
4.82E-05
2.85E-15
3.52E-13
7.69E-08
1.34E-23
2.51E-23
8.38E-07
2.00E-07
0.00013
4 98E-17
4 61E-07
1.44E-20



WO 2020/028850

Gene
AT3G04140
AT1G80270
AT1G56670
AT2G46650
ATI1G80830
AT1G72940
AT3G55110
AT4G13750
AT4G10120
AT4G19450
AT5G27330
ATIGI15710
AT2G25620
AT4G37240
AT1G65486
AT3G60360
AT1G60850
AT3G21750
AT5G11240
ATI1G16130
AT4G30840
AT2G43500
AT1G01390
AT4G19820
AT2G23470
AT1G62540
AT2G34357
ATI1G72810
AT1G04130
AT4G15430
AT3G04640
AT5G17050
AT1G24147
AT2G41410
AT3G57530
AT5G39785
AT2G46270
AT3G14900
AT3G09720
AT1G63780
AT1G27730
ATIGI11130

logFC
-1.06435
-1.06415
-1.06362
-1.06314
-1.06122
-1.06

-1.05932
-1.05879
-1.05858
-1.05819
-1.05426
-1.05378
-1.05218
-1.05208
-1.04862
-1.04851
-1.0469

-1.04606
-1.04493
-1.04486
-1.04471
-1.0441

-1.04312
-1.04268
-1.04177
-1.03855
-1.03815
-1.03688
-1.03687
-1.03571
-1.03174
-1.03097
-1.02849
-1.02805
-1.02517
-1.02508
-1.02497
-1.02479
-1.02342
-1.02147
-1.02022
-1.01843

logCPM
6.302328
4483652
4.180754
5.434334
5.31979
5.326114
3.427313
4705394
8.616721
6.082078
4.090582
5.156965
4512864
4.821492
2.783319
3.814876
3.533009
5.974005
4.134785
3.04706
3.340804
5.022365
4.883507
2.947351
3.149118
3.629172
6.409675
4.342745
4.579169
5.647569
4.728644
6.063879
5.311602
6.38136
6.674774
3.747737
3.659533
4.686577
3.729868
4.353621
4.882756
4.75776

69

LR
95.71142
39.12525
31.96407
67.56209
63.09348
63.45035
20.01891
4486158
105.0567
85.55851
29.94401
57.25877
39.16831
47.16694
13.74456
25.06135
20.80537
79.58944

30.0367
15.63957
18.4606
5225815
48.20471
14.92568
16.60145
21.89639
95.4801
33.95321
39.45566
70.0841
42.98426
80.80829
59.3697
9231927
101.4717
23.04207
21.68748
41.3875
22.83421
33.20781
46.45503
4278654

PValue
1.33E-22
3.97E-10
1.57E-08
2.04E-16
1.97E-15
1.64E-15
7.67E-06
2.11E-11
1.19E-24
2.25E-20
4.45E-08
3.82E-14
3.89E-10
6.52E-12
0.000209
5.55E-07
5.08E-06
4.61E-19
4.24E-08
7.66E-05
1.73E-05
4.87E-13
3.84E-12
0.000112
4 61E-05
2.88E-06
1.49E-22
5.65E-09
3.36E-10
5.68E-17
5.52E-11
2.49E-19
1.31E-14
7.38E-22
7.25E-24
1.58E-06
3.21E-06
1.25E-10
1.77E-06
8.28E-09
9.37E-12
6.11E-11
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p.ad
1.11E-20
7 48E-09
2.27E-07
9.04E-15
7.73E-14
6.52E-14
6.13E-05
4.75E-10
1.18E-22
1.51E-18
5.92E-07
1.24E-12
7.33E-09
1.60E-10
0.001157
5.90E-06
4 24E-05
2.67E-17
5.68E-07
0.000481
0.000129
1.37E-11
9.70E-11
0.000671
0.000306
2.57E-05
1.22E-20
8.90E-08
6.37E-09
2.68E-15
1.16E-09
1.50E-17
4 49E-13
5.67E-20
6.67E-22
1.51E-05
2.83E-05
2.51E-09
1.66E-05
1.27E-07
2.25E-10
1.27E-09



WO 2020/028830
Gene logFC

ATI1GI12380 -1.01749
AT5G23310 -1.01621
AT5G66540  -1.0149
AT4G12130  -1.0133
AT4G17770 -1.01027
AT2G40900 -1.00981
AT3G14200 -1.00936
AT5G20670 -1.00842
AT2G43110 -1.00824
AT1G32870 -1.00741
AT1G22190 -1.00734
AT5G58370 -1.00707
AT5G65870  -1.00663
AT2G31790 -1.00654
ATIG27760 -1.00648
AT4G30990 -1.00592
AT1G59740 -1.00446
AT5G26920 -1.00376
AT5G53486  -1.00266
ATI1G33560 -1.00236
AT1G02220 -1.00168

AT3G03520

-1.00122

logCPM
3.772944
4.95169
4.756193
3.596519
6.21365
4.088366
4.395744
3.795318
3.81514
4.707506
6.138304
4.930022
3.534697
6.309963
6.498861
6.170636
2.891973
4.814384
3.814277
4416829
3.303982
4.453436

70

LR
22.86091
47.71373
4247467
20.4893
83.33601
27.34063
33.51403
2277337
23.2488
40.69947
80.2558
46.45388
19.35195
86.23974
92.9523
81.15507
13.40192
42.74839
22.88829
33.35017
16.75978
34.20398

PValue
1.74E-06
4.93E-12
7.16E-11
6.00E-06
6.92E-20
1.71E-07
7.08E-09
1.82E-06
1.42E-06
1.78E-10
3.29E-19
9.38E-12
1.09E-05
1.59E-20
5.36E-22
2.09E-19
0.000251
6.23E-11
1.72E-06
7.70E-09
4.24E-05
4.96E-09

PCT/US2019/044971

p.ad
1.64E-05
1.23E-10
1.48E-09
4 92E-05
4.35E-18
2.01E-06
1.10E-07
1.71E-05
1.37E-05
3.51E-09
1.95E-17
2.25E-10
8.43E-05
1.10E-18
4.14E-20
1.27E-17
0.001362
1.30E-09
1.62E-05
1.18E-07
0.000285
7.92E-08
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Table S5. Candidate Arabidopsis proteins identified from a yeast two-hybrid screening that may
associate with PSR2.

No. | Description Sequence ID
1 Double-stranded-RNA-binding protein 4 NP _974480.1
2 Protein phosphatase 2A subunit A2 NP _189208.1
3 CTC-interacting domain 12 (CID12)/RNA-binding protein 37 NP 192799.1
4 Argonaut 1 NP 001185169.1
5 Cyclophilin ROC7 NP _200679.1
6 Multiple organellar RNA editing factor 8 (MORF8) NP 566496.1
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Example 2
[0175] Nicotiana benthamiana plants producing antimicrobial siRNAs derived from an

Arabidopsis thaliana mRNA show enhanced resistance to Phytophthora capsici

[0176] Leaves of Nicotiana benthamiana (a tobacco relative) were infiltrated with

Agrobacterium tumefaciens carrying one of the following constructs (see FIG. 14):
1. atMIRI161 (atlg48267, the gene encoding miR161 in Arabidopsis thaliana)

2. atlg62914m (a mutated at/g62914 gene containing a premature stop codon — see Figure
1 below for details. Without the mutation, this gene in the ecotype Col-0 of Arabidopsis
thaliana is predicted to encode a PPR protein; with the mutation, af/g629/4m no longer
encodes a functional protein but can still be transcribed to mRNA, which carries the
target site of miR161. Therefore, transcripts of ar/g62914m are expected to serve as the
precursor for secondary siRNA production if the same plant cell also produces miR161.
This construct was used to eliminate the possible impact of At1g62914 protein on plant

defense.)
3. atMIRI161 + at1g62914m (a mixture of the constructs above)

[0177] Levels of ar/g62914m-derived siRNAs were determined by quantitative RT-PCR. Two
siRNAs (i.e. siR1310 and siR0513) that can silence a virulence-related gene in P. capsici were
examined as representatives. The results show that leaves expressing both atMIR16/ and
atlg62914m produced a much higher amount of the siRNAs that can silence a virulence-related

gene in Phytophthora capsici. See FIG. 15.

[0178] Leaves of Nicotiana benthamiana that express atMIRI161, atig62914m, or

atMIR16 1+at1g629[4m were inoculated with Phytophthora capsici strain LT263. Disease
severity was evaluated at 3 days post inoculation. The results show that plants expressing
atMIR161+atl1g62914m exhibited much enhanced resistance to P. capsici. This experiment was
repeated three times with similar results. Images of representative inoculated leaves (two per
treatment) are shown below (Panel A, FIG. 16). Lesion size of each inoculated leaf was
measured and analyzed (Panel B, FIG. 16). Please note that not all leaves expressed the same
amount of aftMIR161 and/or atlg62914m transcripts, hence the variation within the same

treatment.



WO 2020/028850 PCT/US2019/044971
107

[0179] All publications, patents and patent applications cited in this specification are herein
incorporated by reference as if each individual publication or patent application were specifically
and individually indicated to be incorporated by reference. Although the foregoing disclosure
has been described in some detail by way of illustration and example for purposes of clarity of
understanding, it will be readily apparent to those of ordinary skill in the art in light of the
teachings of this disclosure that certain changes and modifications may be made thereto without

departing from the spirit or scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A transgenic plant engineered to heterologously express an miRNA
comprising any one of SEQ ID NO: 1-19, wherein the transgenic plant has enhanced resistance

to a pathogen compared to a control plant that does not heterologously express the miRNA.

2. The transgenic plant of claim 1, wherein the plant further heterologously

expresses a pentatricopeptide repeat (PPR)-encoding transcript.

3. The transgenic plant of claim 2, wherein the PPR-encoding transcript

contains a mutation such that the transcript does not express a function protein.

4. The transgenic plant of claim 2 or 3, wherein PPR-encoding transcript
and the miRNA are from the same species of plant and are different from the transgenic plant

species.

5. The transgenic plant of claim 1, wherein the transgenic plant comprises an
expression cassette, the expression cassette comprising a promoter operably linked to a
polynucleotide encoding the miRNA, wherein the promoter is heterologous to the

polynucleotide.

6. The transgenic plant of claim 5, wherein the promoter is a constitutive or

tissue-specific or inducible promoter.

7. The transgenic plant of any one of claim 1-6, wherein the plant is a dicot
plant.

8. The transgenic plant of claim 7, wherein the plant is a cotton plant.

9. The transgenic plant of any of claim 1-8, wherein the pathogen is one or

more of a species of Phytophthora and/or Verticillium.

10. A method of making the transgenic plant of any of claims 1-9, comprising
(1) modifying an endogenous promoter of the plant to heterologously express the miRNA or (ii)

introducing the expression cassette into the plant.
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11. The method of claim 10, further comprising selecting from a plurality of

modified plants, one or more plant with enhanced resistance to the pathogen.

12. A method of inducing resistance in a plant to a pathogen, the method
comprising,
contacting a plant with an miRNA comprising any of SEQ ID NO: 1-19 in an

amount to induce resistance to a pathogen.

13. The method of claim 12, further comprising contacting the plant with a
pentatricopeptide repeat (PPR)-encoding transcript.

14 The method of claim 13, wherein the PPR-encoding transcript contains a

mutation such that the transcript does not express a function protein.

15. The method of claim 2 or 3, wherein PPR-encoding transcript and the

miRNA are from the same species of plant and are different from the transgenic plant species.
16. The method of any one of claim 12-15, wherein the plant is a dicot plant.
17. The method of claim 16, wherein the plant is a cotton plant.

18. The method of any of claims 12-17, wherein the pathogen is one or more

of a species of Phytophthora and/or Verticillium.

19. The method of any of claims 12-18, wherein the contacting comprising
spraying aerial parts of the plant or contacting roots of the plant with the miRNA (and optionally
the PPR-encoding transcript).
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A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - AO01H 5/00; C12N 15/87, C12N 15/82; C12N 15/00; CO7H 21/04 (2019.01)
CPC - C12N 15/8281; C12N 15/8282; C12N 15/8286; CO7K 14/415; AO1H 6/60; C12N 15/8216; C12N
15/00; C12N 15/82; C12N 2310/141; C12N 2310/14; C12N 15/113

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History Document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2016/0257969 A1 (OREGON STATE UNIVERSITY) 08 September 2016 (08.09.2016), para | 1, 5-6

- [0012], [0064], [0138], [0163], [0169],[0173]), [0182], [0190), [0197], [0272], [0306], [0370); pg 30 | ---------

Y -32, Table 3; pg 46, Table 8A, SEQ ID NO: 222; and Fig 2B 2-4

Y YAGI et al., The potential for manipulating RNA with pentatricopeptide repeat proteins. PlantJ. | 2-4

-1 2014, Vol. 78(5), p. 772-82. Abstract; pg 773, col 1, last para; pg 774, Table 1; pg 775, col 1,
last para; and pg 776, col 2, middle para, and Fig 2

A JEONG et al., Comprehensive Investigation of MicroRNAs Enhanced by Analysis of Sequence | 1-6

| Variants, Expression Patterns, ARGONAUTE Loading, and Target Cleavage. Plant Physiol.
2013, Vol. 162(3), p. 1225-45. Entire documentation, especially Abstract; pg 1229, col 1, up
para; and pg 1237, col 1, lower para, col 2, and Fig 8

A XING et al., Genome-wide investigation of pentatricopeptide repeat gene family in poplar and 1-6

| their expression analysis in response to biotic and abiotic stresses. Sci Rep. 2018 Feb, Vol.
8(1):2817. PDF File: pg 1-9. Entire documentation, especially Abstract; pg 1, para 1; pg 2, para
3; pg 3, para 1 and Fig 1; pg 4, Fig 2; and pg 6, Fig 5

D Further documents are listed in the continuation of Box C. D See patent family annex.
Special categories of cited documents: “T” later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the intemational  “X” document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L” document which may throw doubts on priority claim(s) or which is step when the document is taken alone
g'tegzhor::;z‘;h(i ;hec;lpfx_:lgcl;)cauon date of another citation or other ..y~ document of particular relevance; the claimed invention cannot be
pe - pe . L considered to involve an inventive step when the document is
“O” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than  «g» 4ocument member of the same patent family
the priority date claimed
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Name and mailing address of the ISA/US Authorized officer:
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W. Young
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 19/44971

Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 7-11,16-19
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international apﬁ)lication, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Groups I+, claims 1-6, directed to a transgenic plant engineered to heterologously express an miRNA. The miRNA will be searched to
the extent that the miRNA encompasses SEQ ID NO: 1. Itis believed that claims 1 (in part), 2-6 encompass this first named invention,
and thus these claims will be searched without fee to the extent that they encompass wherein the miRNA encompasses SEQ ID NO: 1.
Additional miRNA will be searched upon the payment of additional fees. Applicants must specify the claims that encompass any
additionally elected miRNA(s). Applicants must further indicate, if applicable, the claims whichencompass the first named invention, if
different than what was indicated above for this group. Failure to clearly identify how any paid additional invention fees are to be applied
to the "+" group(s) will result in only the first claimed invention to be searched. An exemplary election would be wherein the miRNA
encompasses SEQ ID NO: 2 [claims: 1 (in part), (2-6)). [Please note: in the situation that the selected SEQ ID NO is novel, Group I will
be searched with the elected subgroup |). *******************Continjued in the extra sheet

1. L__J As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I____l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. |___I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were.paid, specifically claims Nos.:

4. IZ No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1(in part), 2-6, limited to SEQ ID NO: 1

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

[:I No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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Continuation of:
Box No Il {(unity of invention is lacking)

Group I, claims 12-15, directed to a method of inducing resistance in a plant to a pathogen.

The inventions listed as Groups I+ and It do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Feature
Groups 1+ and |l are related as a product (Groups I+) and a method of making the product (Group H).

Group Il includes the special technical feature of contacting a plant with an miRNA, not required by Groups |+.

Among Groups 1+, each SEQ ID NO represents a structurally different nucleotide sequence.

Common Technical Features

The inventions of Groups |+ and Il share the technical features of a transgenic plant comprising an miRNA comprising SEQ 1D NO: 1,
wherein the transgenic plant has enhanced resistance to a pathogen (part of claim 1 or part of claim 12), and

--the inventions of Groups |+ further share the technical features of a transgenic plant engineered to heterologously express an miRNA
comprising a specified sequence, wherein the transgenic plant has enhanced resistance to a pathogen compared to a control plant that
does not heterologously express the miRNA (part of claim 1).

Therefore, in a summary, the common technical features shared by inventions of Groups I+ and Il can be covered by:

A transgenic plant engineered to heterologously express an miRNA comprising SEQ 1D NO: 1, wherein the transgenic plant has
enhanced resistance to a pathogen compared to a control plant that does not heterologously express the miRNA (part of claim 1).

However, these shared technical features do not represent a contribution over prior art as being anticipated by US 2016/0257969 A1 to
OREGON STATE UNIVERSITY (hereinafter '‘Oregon’) as follows:

Oregon discloses a transgenic plant engineered to heterologously express an miRNA (para {0190} - ‘transgenic plants produced ...
herbicide and/or pest resistance traits’; para {0138] - 'a plant that is modified to suppress a specific gene by an RNAi-inducing transgene.
... RNAi is triggered in transgenic plants'’; para {0012] - 'employ constructs that yield single-stranded RNA transcripts, and take
advantage of ... heterologous...in vivo-produced miRNAs or siRNAs to initiate production of siRNAs from an engineered RNAI-triggering
cassette. ...to produce specific sSiRNAs in vivo for inactivation or suppression of one or more target genes or other entities, such as
pathogens or pests (e.g., viruses, bacteria, nematodes'; para [0173] - ‘heterologous miRNA or siRNA can be added to the cell ...by
providing an expression cassette encoding such molecule... to mediate cleavage and release of siRNAs from a RNAI-triggering nucleic
acid cassette')

-- comprising SEQ ID NO: 1 (para [0306] - ‘Soybean is transformed by ... constructs 2A, 2B and 2C... transgenic soybean plants are
regenerated which exhibit resistance to soybean cyst nematode infestation as compared to control plants’; Fig 2B, miR161.1; pg 46,
Table 8A-continued, miR161.1...SEQ ID NO: 222, which is 100% identical to the claimed SEQ ID NO: 1),

--wherein the transgenic plant has enhanced resistance to a pathogen compared to a control plant that does not heterologously express
the miRNA (para [0190] - 'transgenic plants produced using methods and cassettes described herein ... having an enhanced agronomic
trait resulting from gene suppression from an siRNA-triggering nucleic acid cassette ... conferring another trait such as herbicide and/or
pest resistance traits'; para [0064] - ‘Agronomic trait: Characteristic of a plant, ... include,... disease or pest resistance'; para [0306] -
‘Soybean is transformed by microprojectite bombardment using constructs 2A, 2B and 2C... transgenic soybean plants are regenerated
which exhibit resistance to soybean cyst nematode infestation as compared to control plants’; Fig 2B, miR161.1; pg 46, Table 8A-
continued, miR161.1... SEQ ID NO: 222; para [0370] - 'Soybean is transformed by Agrobacterium-mediated transformation of plasmid
vectors ...and transgenic soybean plants are regenerated which exhibit resistance to soybean cyst nematode infestation as compared to
control plants’).

Without a shared special technical feature, the inventions lack unity with one another.

Groups I+ and il therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.

Continuation of item 4: Claims 7-11, 16-19 are not drafted in accordance with the second and third sentences of Rule 6.4 (a). These
claims are improper multiple dependent claims.

Note:

1} Claim 15 lacks a proper antecedent basis for the “the method" limitation. For the purposes of this ISR, it is assumed that claim 15
depends from claim 12 or 13.

Form PCT/ISA/210 (extra sheet) (January 2015)
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