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CLONING AND CHARACTERIZATION OF MICRORNAS FROM RICE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. patent application 60/666,780, filed March

30, 2005, the contents of which are incorporated by reference in the entirety.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
[0002] This work was supported by National Institutes of Health grant RO1GMO0707501
and National Science Foundation grant IBN-0212346.

BACKGROUND OF THE INVENTION .
[0003] MicroRNAs (miRNAs) are short, endogenous noncoding RNAs found in animals
(Lee, R. C. et al., Cell 75:843-854 (1993); Wightman, B. et al., Cell 75:855-862 (1993);
Lagos-Quintana, M. et al., Science 294:853—858 (2001); Lagos-Quintana, M. et al., Curr.
Biol. 12:735-739 (2002); Lagos-Quintana, M. et al., RNA 9:175-179 (2003); Lau, N. C. et
al., Science 294:858-862 (2001); Lee, R. C. et al., Science 294:862-864 (2001); Lim, L. P. et
al., Science 299:1540 (2003a); Lim, L. P. et al., Genes Dev. 17:991-1008 (2003b);
Mourelatos, Z., et al., Genes Dev. 16:720-728 (2002); Aravin, A. et al., Dev. Cell 5:337-350
(2003); Ambros, V. et al., Curr. Biol. 13:807-818 (2003a); Dostie, J. et al., RNA 9:180-186
(2003); Grad, Y. et al., Mol. Cell 11:1253-1263 (2003)), plants (Reinhart, B. J. et al., Genes
Dev. 16:1616-1626 (2002); Llave, C. et al., Plant Cell 14:1605-1619 (2002a); Park, W. et al,,
Curr. Biol. 12:1484-1495 (2002); Mette, M. F. et al., Plant Physiol. 130:6-9 (2002);
Palatnik, J. F. et al., Nature 425:257-263 (2003); Floyd, S. K. et al., Nature 428:485-486
(2004); Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004); Sunkar, R. et al., Plant Cell
16:2001-2019 (2004); Wang, J-F. et al., Nucleic Acids Res. 32:1688-1695 (2004a); Wang, X.
J. et al., Genome Biol. 5:R65 (2004b); Adai, A. et al., Genome Res. 15:78-91 (2005)), and the
Epstein-Barr virus (Pfeffer, S. et al., Science 304:734-736 (2004)). In both animals and
plants, the majority of the miRNA genes exists as independent transcriptional units and they
are transcribed by RNA polymerase II into long primary transcripts (termed pri-miRNAs)
(Bartel, D. P. Cell 116:281-297 (2004); Parizotto, E. A. et al., Genes Dev. 18:2237-2242
(2004); Kurihara, Y. et al., Proc. Natl. Acad. Sci. USA 101:12753-12758 (2004)). In animals,
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pri-miRNAs are trimmed in the nucleus to generate ~70 nt miRNA precursors (pre-miRNAs)
with fold-back structures by a multi-protein complex called microprocessor in which Drosha
(an RNase III-like enzyme) and Pasha (a double-stranded RNA binding protein) are critical
components (Lee, Y. et al., Nature 425:415-419 (2003); Denli, A. H. et al., Nature 432:231-
234 (2004)). The pre-miRNAs are exported to the cytoplasm and subsequently cleaved by
another RNase ITI-like enzyme called Dicer to generate mature miRNAs (Bernstein, E. et al.,
Nature 409:363-366 (2001)). However, the Arabidopsis genome does not appear to encode a
Drosha ortholog, and it seems that the plant nuclear-localized Dicer homolog is likely to have
Drosha function (Kurihara, Y. et al., Proc. Natl. Acad. Sci. USA 101:12753-12758 (2004)).
Many miRNAs are conserved between species — often over wide evolutionary distances. For
example, AthmiR166 is conserved in all lineages of land plants, including bryophytes,
lycopods, ferns and seed plants (Floyd, S. K. et al., Nature 428:485-486 (2004)), and the
Caenorhabditis elegans miRNA, let-7, is conserved in human, Drosophila, and eleven other
bilateral animals (Pasquinelli, A. E. et al., Nature. 408:86-89 (2000)); but others are only
conserved between more closely related species such as C. elegans and C. briggsae
(Ambros, V. et al., Curr. Biol. 13:807-818 (2003a); Bartel, D. P. Cell 116:281-297 (2004)).
miRNAs down-regulate the expression of specific mRNA targets, either by directing the
cleavage of mRNAs or interfering with translation (Carrington, J. C. et al. Science 301:336-
338 (2003); Bartel, D. P. Cell 116:281-297 (2004); Ambros, V. Nature 431:350-355 (2004)).

[0004] miRNAs have been identified by cloning and by computational approaches tailored
to the key features of /in-4 and let-7, the 2 founding members of miRNAs from C. elegans,
which include a fold-back hairpin RNA precursor coupled with evolutionary conservation
(Ambros, V. et al., RNA 9:277-279 (2003b)). It was estimated that miRNA genes represent
1% of the expressed genome in complex organisms such as worms, flies and humans (Lai, E.
C. Curr. Biol. 13:R925-R936 (2003); Lim, L. P. et al., Genes Dev. 17:991-1008 (2003b);
Bartel, D. P. Cell 116:281-297 (2004)). However, recent computational predictions have
raised the number of miRNAs significantly in primates by comparative analysis of the
human, mouse and rat genomes (Berezikov, E. et al., Cell, 120:21-24 (2005)). The
identification of the entire set of miRNAs and their target genes from model organisms is of

fundamental importance to understand regulatory networks and gene silencing mechanisms.

[0005] Rice is the world's most important crop, as measured by the portion of calories it

provides to the human diet. It is an established model system for monocots that include all
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cereals. Rice is the only monoé:ot species with a fully sequenced genome. The availability of
the complete genome sequence of rice allowed the in silico identification of 20 families of
rice miRNAs based on conservation of sequences with Arabidopsis miRNAs (Reinhart, B. J.
et al., Genes Dev. 16:1616-1626 (2002); Park, W. et al., Curr. Biol. 12:1484-1495 (2002);
Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004); Sunkar, R. et al., Plant Cell
16:2001-2019 (2004); Bonnet, E. et al., Proc. Natl. Acad. Sci. USA. 101:11511-11516
(2004); Wang, J-F. et al., Nucleic Acids Res. 32:1688-1695 (2004a); Adai, A. et al., Genome
Res. 15:78-91 (2005)). In addition to finding conserved miRNAs, cloning approaches
revealed Arabidopsis miRNAs that are not conserved in rice. At least four well-characterized
Arabidopsis miRNAs, miR158, miR161, miR163 and miR173 do not have homologs in rice
(Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004)). Another miRNA (miR403) has
been found to be conserved between Arabidopsis and Populus while its counterpart could not
be identified in rice (Sunkar, R. et al., Plant Cell 16:2001-2019 (2004)). Recently, evidence
was shown that the non-conserved miR161 and miR163 from Arabidopsis may have evolved
by inverted duplication of their target genes (Allen, E. et al., Nature Genet. 36:1282-1290
(2004)). Additionally, Berezikov, E. et al., Cell, 120:21-24 (2005)) have predicted lineage
specific miRNAs in mammalian and non-mammalian animal species. Taken together, these

observations support the notion that rice may express monocot- and/or rice-specific miRNAs.

[0006] The present study was undertaken to identify new miRNAs that are difficult to
predict in silico and verify previously predicted miRNAs from rice. Sequencing of small
RNA libraries and subsequent analysis led to the identification of 14 new miRINAs. These
new miRNAs from rice form 14 families, 13 of which are new and not present in
Arabidopsis. Furthermore, we confirmed the existence of 15 of the 20 conserved families of
miRNAs that were predicted previously. Based on sequence complementarity to miRNAs,
we were able to predict 46 rice genes as putative targets of the new miRNAs. These
predicted targets include not only transcription factors but also other genes involved in

diverse physiological processes.

BRIEF SUMMARY OF THE INVENTION
[0007] MicroRNAs (miRNAs) are a growing family of small non-coding RNAs that down-
regulate gene expression in a sequence-specific manner. The identification of the entire set

of miRNAs from a model organism is a critical step towards understanding miRINA-guided
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gene regulation. Rice and Arabidopsis, two plant model species with fully sequenced
genomes, are representatives of monocotyledonous and dicotyledonous flowering plants,
respectively. Thus far, experimental identification of miRNAs in plants has been confined to
Arabidopsis. Computational analysis based on conservation with known miRNAs from
Arabidopsis has predicted 20 families of miRNAs in rice. To identify miRNAs that are
difficult to predict in silico or not conserved in Arabidopsis, we generated 3 cDNA libraries
of small RNAs from rice shoot, root and inflorescence tissues. We identified 35 miRNAs, of
which 14 are new and these define 13 new families. Thirteen of the new miRNAs are not
conserved in Arabidopsis. Four of the new miRNAs are conserved in related monocot
species but not in Arabidopsis, which suggests that these may have evolved after the
divergence of monocots and dicots. The remaining 9 new miRNAs appear to be absent in the
known sequences of other plant species. Most of the rice miRNAs are expressed
ubiquitously in all tissues examined, while a few display tissue-specific expression. We
predicted 46 genes as targets of the new rice miRNAs, and 16 of these predicted targets
encode transcription factors and other target genes appear to have roles in diverse
physiological processes. Four target genes have been experimentally verified by detection of
miRNA mediated mRNA cleavage. Our identification of new miRNAs in rice suggests that
these miRNAs may have evolved independently in rice or may have been lost in other

species.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figure 1. Size distribution of new miRNAs cloned from rice.

[0009] Figure 2. OsmiR396d is a unique member of the previously predicted OsmiR396
family in rice. Sequence alignment of miR396d and predicted members of OsmiR396

family. Bold letter represents the additional nucleotide in the new miRNA.

[0010] Figure 3. Schematic representation of the biogenesis of OsmiR444. Its hairpin
structure requires parts of exon 2 and exon 3 of the host transcript JO33125N22.

[0011] Figure 4. The miR444 family is conserved in monocots. (A). Alignment of
miR444 sequence from rice with the predicted homologs in wheat, barley, maize, sorghum
and sugarcane. (B). Predicted fold-back structures of miR444 precursors from rice, wheat,

barley, maize, sorghum and sugarcane.
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[0012] Figure5. Predicted fold-back structure of OsmiR436 precursor. The fold-back
structure was predicted with use of a 720-bp processed transcript. Protruding stem-loops in

the 3’ arm of the hairpin are indicated by the \ sign.

[0013] Figure 6. Expression patterns of miRNAs cloned from rice. Northern blots of total
RNA isolated from different tissues were probed with labeled oligonucleotides. The blots
also included RNA from maize and Arabidopsis. The tRNA and 5S rRNA bands were
visualized by ethidium bromide staining of polyacrylamide gels and served as loading
controls. Labelled RNA oligonucleotide was used as a size marker and the position was

indicated.

[0014] Figure 7. Expression patterns of new rice miRNAs that are conserved in another
monocot (maize) or in dicot (Arabidopsis) and monocot (maize). The tRNA and 5S rRNA
bands were visualized by ethidium bromide staining of polyacrylamide gels and served as
loading controls. Labelled RNA oligonucleotide was used as a size marker and the position

was indicated.

[0015] Figure 8. OsmiR439 is predicted to target 3 sites within the ORF of its target gene,
11667.m02576. Numbers represent the position of target sites in the ORF. Amino acid

sequence corresponding to the target nucleotide sequence is shown.

[0016] Figure 9. Identification of miRNA-guided cleavage products of target genes in
rice. (A). mRNA 7448.m00137, (B). mRNA 11668.m00935, (C). mRNA 11668.m04852 and
(D). mRNA 11686.m04227. Mapping of cleavage sites was done by RLM-5’RACE. Partial
mRNA sequences from target genes were aligned with miRNAs. Numbers indicate the

fraction of cloned PCR products terminating at different positions.
[0017] Figure 10. Predicted fold-back structures of the new miRNA precursors from rice.

[0018] Figure 11. Predicted fold-back structures of miR390 from Arabidopsis and
Populus.

[0019] Figure 12. Predicted fold-back structures of miR437 from maize, sugarcane, and
Sorghum.

[0020] Figure 13. Predicted fold-back structures of the putative miRNA precursors from
rice (Table 5).



WO 2006/105436 PCT/US2006/012046

DEFINITIONS
[0021] As used in this application, the term “expression cassette” refers to any recombinant
expression system for the purpose of expressing a nucleic acid sequence of the invention in
Vitro or in vivo, constitutively or inducibly, in any cells, including, in addition to plant cells,
prokaryotic, yeast, fungal, insect, or mammalian cells. The term includes linear or circular
expression systems. The term includes all vectors. The cassettes can remain episomal or
integrate into the host cell genome. The expression cassettes may have the ability to self-
replicate or may not, i.e., drive only transient expression in a cell. The term includes
recombinant expression cassettes that contain only the minimum elements needed for

transcription of the recombinant nucleic acid.

[0022] As used herein, the term “promoter” includes all sequences capable of driving

" transcription of a coding sequence in a plant cell. Thus, promoters used in the constructs of
the invention include cis-acting transcriptfonal 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.)

transcription. Promoters can be constitutive or inducible.

[0023] The term "plant” includes whole plants, 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 (the mature ovary), plant tissue (e.g., vascular tissue, ground tissue, and the
like) and 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.
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[0024] 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. The term
"complementary to" is used herein to mean that the sequence is complementary to all or a

portion of a reference polynucleotide sequence.

[0025] 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 Needle man and Wunsch J. Mol. Biol. 48:443 (1970), by
the search for similarity method of Pearson and Lipman Proc. Natl. Acad. Sci. (U.5.4.) 85:
2444 (1988), by computerized implementations of these algorithms (GAP, BESTFIT,
BLAST, FASTA, and TFASTA in the Wisconsin Genetics Software Package, Genetics
Computer Group (GCG), 575 Science Dr., Madison, WI), or by inspection.

[0026] "Percentage of sequence identity" is determined by comparing two optimally
aligned sequences over a comparison window, wherein the portion of the polynucleotide
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.

[0027] The term "substantial identity" of polynucleotide sequences means that a
polynucleotide comprises a sequence that has at least 70% sequence identity, at least 80%
sequence identity, preferably at least 85%, more preferably at least 90%, 93% and most
preferably at least 95%, or 97% 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.
Substantia] identity of amino acid sequences for these purposes normally means sequence

identity of at least 40%, preferably at least 60%, 70%, 80% or more preferably at least 90%,
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and most preferably at least 95%. Polypeptides that are "substantially similar” share
sequences as noted above except that residue positions that are not identical may differ by
conservative amino acid changes. Conservative amino acid substitutions refer to the
interchangeability of residues having similar side chains. For example, a group of amino
acids having aliphatic side chains is glycine, alanine, valine, leucine, and isoleucine; a group
of amino acids having aliphatic-hydroxyl side chains is serine and threonine; a group of
amino acids having amide-containing side chains is asparagine and glutamine; a group of
amino acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group
of amino acids having basic side chains is lysine, arginine, and histidine; and a group of
amino acids having sulfur-containing side chains is cysteine and methionine. Preferred
conservative amino acids substitution groups are: valine-leucine-isoleucine, phenylalanine-
tyrosine, lysine-arginine, alanine-valine, aspartic acid-glutamic acid, and asparagine-

glutamine.

[0028] Another indication that nucleotide sequences are substantially identical is if two
molecules hybridize to each other, or a third nucleic acid, under stringent conditions.
Stringent conditions are sequence dependent and will be different in different circumstances.
Generally, stringent conditions are selected to be about 5°C lower than the thermal melting
point (Tm) for the specific sequence at a defined ionic strength and pH. The Tm is the
temperature (under defined ionic strength and pH) at which 50% of the target sequence
hybridizes to a perfectly matched probe. Typically, stringent conditions will be those in
which the salt concentration is about 0.02 molar at pH 7 and the temperature is at least about
60°C.

[0029] For the purposes of this disclosure, stringent conditions for hybridizations are those
including at least one wash in 0.2X SSC at 63°C for 20 minutes, or equivalent conditions.
Moderately stringent conditions include at least one wash (usually 2) in 0.2X SSC ata -
temperature of at least about 50°C, usually about 55°C, for 20 minutes, or equivalent

conditions.

[0030] All publications 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.
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DETAILED DESCRIPTION

I INTRODUCTION

[0031] The present invention is based, at least in part, on the identification of new miRNAs
inrice. The nucleic acids of the invention can be used to control gene expression in plants.
In some embodiments, the expression cassettes encoding the miRNAs of the invention are
prepared and introduced into plants. The encoded miRNAs then control expression of the
endogenous target genes. Alternatively, one can modify the target gene so as to render it
miRNA-resistant by modifying the sequence to decrease or inhibit pairing with the miRNA.
The modifications will typically be selected such that the sequence of the encoded protein is
not altered. The modified target gene can be incorporated into an expression cassette and
introduced into a plant. Alternatively, an endogenous target gene can be modified using

known techniques (e.g., homologous recombination).

[0032] More specifically, the present inventors discovered 14 new miRNAs inrice. These
new miRNAs form 14 families, 13 of which are new and not found in Arabidopsis. In
addition, 46 rice genes have been identified as putative targets of the new miRNAs, based on

their sequence complementarity to the miRNAs.

II. GENERAL DESCRIPTION OF TECHNIQUES iJSED IN THE INVENTION
[0033] Standard techniques in the field of molecular genetics are useful for the present
invention. Basic texts disclosing the general methods such as cloning, nucleic acid
sequencing, detection of nucleic acids, and gene transfer and expression, include, e.g.,
Sambrook and Russell, Molecular Cloning: A Laboratory Manual 3d ed. (2001); Kriegler,
GeneTransfer and Expression: A Laboratory Manual (1990); and Ausubel et al., Current
Protocols in Molecular Biology (1994).

[0034] For nucleic acids, sizes are given in either kilobases (Kb) or base pairs (bp).

These are estimates derived from agarose or polyacrylamide gel electrophoresis, from
sequenced nucleic acids, or from published DNA sequences. For proteins, sizes are given in
kilo-Daltons (kD) or amino acid residue numbers. Proteins sizes are estimated from gel
electrophoresis, from sequenced proteins, from derived amino acid sequences, or from

published protein sequences.
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[0035] Oligonucleotides that are not commercially available can be chemically synthesized
according to the solid phase phosphoramidite triester method first described by Beaucage and
Caruthers, Tetrahedron Letters, 22: 1859-1862 (1981), using an automated synthesizer, as
described in Van Devanter et al., Nucleic Acids Res., 12: 6159-6168 (1984). Purification of
oligonucleotides is by either native polyacrylamide gel electrophoresis or by anion-exchange
chromatography as described in Pearson & Reanier, J. Chrom., 255:137-149 (1983). The
sequence of the cloned genes and synthetic oligonucleotides can be verified aftercloning
using, e.g., the chain termination method for sequencing double-stranded templates of
Wallace et al., Gene 16:21-26 (1981).

IIL. GENE TRANSFER TECHNIQUES

[0036] DNA constructs of the invention 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 constructs can be
introduced directly to plant tissue using ballistic methods, such as DNA particle
bombardment. Alternatively, the DNA constructs 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.

[0037] Microinjection techniques are known in the art and well described in the scientific
and patent literature. The introduction of DNA constructs using polyethylene glycol
precipitation is described in Paszkowski et 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).

[0038]  Agrobacterium tumefaciens-mediated transformation techniques, including
disarming and use of binary vectors, are well described in the scientific literature. See, for
example, Horsch ef al., Science 233:496-498 (1984), and Fraley et al., Proc. Natl. Acad. Sci.
USA 80:4803 (1983).

10
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[0039] Transformed plant cells that are 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 regeneration techniques rely on manipulation
of certain phytohormones in a tissue culture growth medium, typically relying on a biocide
and/or herbicide marker that 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).

[0040] One of skill will recognize that 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.

[0041] The expression cassettes of the invention can be used to confer a desired trait on
essentially any plant. Thus, the invention has 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.

EXAMPLES
[0042] The following examples are provided for the purpose of illustration and not
limitation. Those of skill in the art will readily recognize a variety of non-critical parameters

that could be changed or modified to yield essentially the same or similar results.

RESULTS
Identification of 13 New Families of Rice MiRNAs
[0043] Because the available computational approaches can only identify miRNAs that are

conserved between Arabidopsis and rice, a cloning approach was employed to identify rice

- 11
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miRNAs that may not be conserved or may have atypical features (Dugas, D. V. et al., Curr.
Opin. Plant Biol. 7:512-520 (2004)). To this end, we generated 3 independent small RNA
libraries from rice in the size range of 18-26 nt, from the shoots and roots of seedlings and
inflorescence tissues of adult plants (Oryza sativa spp japonica cv. Nipponbare). Small
RNAs were isolated by size fractionation and ligated to 5” and 3’ adapters, cloned and
sequenced. A total of ~10,000 clones were sequenced (about 1/3 from each library), of which
~5000 small cDNA sequences were between 18 and 26 nt in length. The remaining
sequences had either shorter fragments or self-ligated adapters. BLASTN searches revealed
that 97% of these sequences have at least one match in the rice nuclear genome sequence
Version 3 annotated by TIGR (www.tigr.org). The remaining 3% did not have a match and
were not analyzed further. The lack of a match of these sequences may be due to unfinished
regions in the rice genome sequence, sequencing etrors or other possibilities. Several clones
were mapped to chloroplast or mitochondrial genomes and may represent either degradation
or possibly regulatory products of organellar RNAs. The largest class of cloned RNAs
represents fragments of abundant noncoding RNAs (rRNA, tRNA, snRNA and snoRNA) as
determined by BLASTN searches against the Rfam database. A small fraction represents
mRNA breakdown products from rice. The remaining sequences constitute miRNAs (Table
1 and Table 2) and endogenous siRNAs (data not shown). For 95% of the endogenous

siRNAs, we could not be detected their expression on small RNA blots.

[0044] MicroRNAs were distinguished from endogenous siRNAs on the basis of the ability
of the miRNA surrounding sequences to adopt a hairpin structure (Figure 10). This analysis
revealed that we had cloned 35 rice miRNAs. We also found one small RNA sequence that
corresponds to OsmiR399g*. Sequence similarity searches against the central miRNA
registry (http://www.sanger.ac.uk/Software/R fam/mirna/search.shtml) showed that 14 of the
miRNAs are new (Table 1). The remaining 21 (belonging to 15 families) were identical with
previously predicted miRNAs in rice (Table 2). The newly identified 14 miRNAs correspond
to 34 loci. These new miRNAs belong to 2 predominant size classes: 21 and 24 nt in length
(Figure 1). Nine of the 14 newly identified miRNAs begin with a 5° U which is a
characteristic feature of miRNAs (Table 1). All 14 new miRNAs are perfectly conserved in
Indica rice (Oryza sativa spp indica).

[0045]  One of the newly identified miRNAs is represented by 2 genomic loci, OsmiR396d
and OsmiR396e, and is a member of previously predicted OsmiR396 family in rice (Table 1
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and Figure 2). OsmiR396d was represented by 10 clones in our libraries and differed slightly
in sequence from that of predicted OsmiR396 (Figure 2). The predicted OsmiR396 has 3
genomic loci (OsmiR396a, b and c) and is represented by 2 members (Jones-Rhoades, M. J.
et al., Mol. Cell 14:787-799 (2004)). OsmiR396d differs from these two members by the
presence of an additional nucleotide “G” between positions 8 and 9. Using a specific probe,
we detected the expression of miR396d in rice and maize but not in Arabidopsis (Figure 7A).
Although cross-hybridization often occurs between members in the same miRNA family, this
is prevented by the presence of an additional nucleotide in the middle of miR396d.
Consistent with the absence of a signal in the Arabidopsis Northern blot, the miR396d
sequence is not present in the Arabidopsis genome. OsmiR396d sequence and the secondary
structure of its precursor sequences are conserved in barley, another monocotolydonous plant

(data not shown).

[0046] Our sequence analysis indicated that we also identiﬁéd a new miRNA that is
conserved between monocots and dicots. We identified miR390 in rice through cloning,
whereas the Arabidopsis counterpart was predicted through recent computational approaches
(Bonnet, E. et al., Proc. Natl. Acad. Sci. US4.101:11511-11516 (2004); Wang, X. J. et al.,
Genome Biol. 5:R65 (2004b)). miR390 is represented by one member with one locus in rice
(Table 1) while in Arabidopsis and Populus it is represented by 2 members with 3 and 6 loci,
respectively (Figure 11).

Genomic organization of the new rice miRNAs

[0047] Genomic locations of the new miRNA genes in rice are shown in Table 1. In total,
the 14 newly identified miRNAs correspond to 34 loci. Hairpin structures can be predicted
for all these 34 loci using miRNA surrounding sequences (Figure 10). Ten of these are
encoded by single copy miRNA genes, whereas the other 4 (miR439, miR396d, miR441 and
miR445) have multiple loci in the genome (Table 1). The exact origins of miRNAs
corresponding to multiple genomic loci cannot be assigned unambiguously, and some of the
loci could be pseudogenes. Our analysis of the genomic positions of the new miRINA genes
shows that the majority localizes to intergenic regions (25 out of 34 loci). However, 7
correspond to introns of protein-coding genes in either the sense (6) or antisense (1)
orientation (Table 1). Our characterization of intronic origins of miRNAs was based on latest

annotation of Oryza sativa spp. japonica genome (version 3.0). Two miRNAs (miR439 and
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miR445) map to both intergenic and intronic locations. Two (miR435 and miR440) are
derived from introns only. Another 2 miRNAs (miR436 and miR444) originate from the

exons of protein-coding genes in the sense polarity (Table 1).

Biogenesis of OsmiR436 and OsmiR444

[0048] ‘In general, most of the 20-25-nt mature miRNAs are processed from a 70 — 300 nt
precursor forming a hairpin structure that contains mature miRNA in either of its arms. Two
miRNAs, miR436 and miR444, were mapped to the exons of the protein-coding genes
J023035E19 (AK120922) and J033125N22 (AK103332), respectively, in the sense polarity
(Table 1). The existence of these processed transcripts is supported by expression data
(Kikuchi et al., 2003). Both of the precursor transcripts can form hairpin structures, and the
miRNAs were detected on small RNA blots as discrete bands, suggesting that these are not

non-specific degradation products.

[0049] The biogenesis of OsmiR444 and OsmiR436 is unusual, because the fold-back
structure could not be predicted directly from the genomic sequence surrounding the miRNA.
A hairpin structure can be predicted for a processed transcript (part of exons 2 and 3
sequences) but not with the genomic sequence, which suggests that the presence of an intron
prevented the identification of a fold-back structure in the genomic locus of miR444 (Figure
3). The mature miR444 resides in the 3" exon of the gene J033125N22. The ORF of this
gene is predicted to code for an unknown protein of 50 amino acids. It is possible though that

the processed mRNA is just a pri-miRNA444 transcript and does not code for a protein.

[0050] miR444 is conserved in monocots such as wheat, barley, maize, sorghum and
sugarcane but not in Arabidopsis (Figure 4A). The precursor sequences from all these plants
can form a hairpin structure (Figure 4B). Unlike the situation in rice, the corresponding
miRNA precursor fold-back structures can be predicted from the un-spliced genomic

sequences from the available sequences of other monocots.

[0051] Similarly, OsmiR436 also resides in the same polarity of a processed transcript
(J023035E19), and only the processed transcript can form a hairpin structure. The mature
miR436 resides in the 3™ exon of the gene J023035E19. The predicted fold-back structure
requires a very long part (720 nt; exons 3 to 9) of the processed transcript (Figure 5) because

of the presence of stem-loop structures protruding from the 3’ arm of the hairpin structure.
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Expression patterns of rice miRNAs

[0052] The tissue- and development-specific expression of miRNAs might provide clues
about their physiological function. In a wide range of organisms, many miRNAs have been
found differentially expressed at different developmental stages, cell types and tissues (Lee,
R. C. et al., Science 294:862-864 (2001); Lagos-Quintana, M. et al., Curr. Biol. 12:735-739
(2002); Aravin, A. et al., Dev. Cell 5:337-350 (2003); Houbaviy, H. B. et al., Dev. Cell
5:351-358 (2003)). Several Arabidopsis miRNAs are expressed ubiquitously while the
expression of many others are regulated by development and shows preferential accumulation
in certain tissues (Reinhart, B. J. et al., Genes Dev. 16:1616-1626 (2002); Llave, C. et al.,
Plant Cell 14:1605-1619 (2002a); Park, W. et al., Curr. Biol. 12:1484-1495 (2002); Sunkar,
R. et al., Plant Cell 16:2001-2019 (2004); Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799
(2004)). To assist with the determination of the function of the new rice miRNAs, we

examined their expression in different organs and developmental stages (Figure 6 and 7.

[0053] The expression patterns of miR441 and miR442 are similar: moderate expression in
leaves, roots and young seedlings, and weaker expression in stems and inflorescences (Figure
6A and 6B). miR435 and miR437 also displayed similar expression patterns: moderate
expression in leaves and young seedlings and weaker expression in other tissues tested
(Figure 6C and 6D). miR443 and miR446 seem to be strongly expressed in leaves and roots
and moderately in stem and inflorescence tissues (Figure 6E and 6F). miR436 is expressed in
all tissues tested but the levels are higher in inflorescence and young seedlings (Figure 6G).
miR438 expression was moderate in leaves, root, inflorescence and young seedlings (Figure
6H). miR440 is uniformly and abundantly expressed in all rice tissues (Figure 6I), while
miR439 shows very weak expression in seedlings and is barely detectable in other tissues
(Figure 6J).

[0054] OsmiR396d showed strong and ubiquitous expression in all tissues, although the
expression in roots was relatively lower (Figure 7A). miR445 was strongly expressed in
mature stems but barely detected in leaf and inflorescence tissues (Figure 7B). OsmiR444
showed uniform expression in all rice tissues examined (Figure 7C). All these three miRNAs
(miR396d, miR444 and miR445) were found to be expressed in maize, although the signal
was weaker, possibly due to pooled RNA from different tissues of maize (Figure 7A, 7B and
7C).
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[0055] Some miRNAs displayed tissue- or developmental stage-specific expression
patterns. Particularly interesting expression was observed for miR445 and miR390, which

showed preferential expression in stems and roots, respectively (Figure 7B and 7D).

[0056] To help determine whether a miRNA is conserved within monocots, its expression
was analyzed in another monocot, maize. The analysis showed that 3 miRNAs (miR396d,
miR444 and miR445) are conserved and expressed in maize (Figure 7A, 7B and 7C). The
presence of miR396d and miR445 miRNAs in other monocots is supported by their
expression in maize, and miR444 by sequence and expression. In addition, miR437 sequence
and conserved precursor fold-back structures are present in maize, sugarcane and Sorghum
(Figure 12). The absence of sequence and expression of these 4 miRNAs in Arabidopsis
suggests that they may be specific to monocots. As an example of conserved miRNAs
between dicots and monocots, we tested the expression of a newly identified and conserved
miRNA, miR3.90, in addition to the previously reported and conserved OsmiR156 and
OsmiR 171 miRNAs in rice, maize and Arabidopsis (Figure 7D, 7E and 7F). In addition to
the expected size, the OsmiR171 probe also hybridized to a slightly larger (~23 bp) small
RNA species in maize but not in rice or Arabidopsis, indicating that this larger species is
specific to maize (Figure 7E). The remaining 9 new rice miRNAs appear not conserved
between plant species since they have no counterparts in other known plant sequences and

their expression could not be detected in maize or Arabidopsis.

[0057] Insummary, the Northern blot analysis confirmed the expression and sizes of 14
newly identified miRNAs in rice (Figure 6 and 7). The majority is expressed ubiquitously in

all tissues.

Predicted targets

[0058] Prediction of plant miRNA targets has been facilitated by their extensive sequence
complementarity (Rhoades, M. et al., Cell 110:513-520 (2002); Jones-Rhoades, M. J. et al,,
Mol. Cell 14:787-799 (2004); Sunkar, R. et al., Plant Cell 16:2001-2019 (2004); Bonnet, E.
et al., Proc. Natl. Acad. Sci. USA. 101:11511-11516 (2004); Wang, X. J. et al., Genome Biol.
5:R65 (2004b); Adai, A. et al., Genome Res. 15:78-91 (2005)). Regulatory targets can be
more confidently predicted for conserved miRNAs, because complementary sites often are
conserved across species boundaries. To identify the potential targets of our newly identified

miRNAs, we used the miRNA sequences to search the rice mRNA sequences for antisense
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hits with the PATSCAN program (Dsouza, M. et al., Trends Genet. 13:497-498 (1997)).
Based on transcriptome analysis in Arabidopsis transgenic plants over-expressing miRNAs,
Weigel and colleagues (Schwab, R. et al., Dev. Cell (in press) (2005)) devised a set of rules
for predicting miRNA targets. These criteria include, allowing one mismatch in the region
complementary to nucleotides 2-12 of the miRNA but not at the cleaving site (10 and 11 nt),
and 3 additional mismatches were permitted between 12 and 21 nt positions, but no more
than 2 continuous mismatches within this region. Adopting these rules in predicting newly
identified miRNA targets in rice, we allowed 1 mismatch between the positions 1-9 nt from
the 5’end of miRNA, no mismatches between positions 10 and 11, another two mismatches
were allowed between positions 12 and 21/24. Gaps and mismatches are commonly seen in
known animal and plant miRNA::mRNA base-pairing interactions that are known to lead to
cleavage or attenuation of translation (Palatnik, J. F. et al., Nature 425:257-263 (2003);
Aukerman, M. J. et al., Plant Cell 15:2730-2741 (2003); Chen, X. Science 303:2022-2025
(2004); Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004)). By applying the above
rules, our analysis led to the prediction of 46 genes as putative targets for 11 new miRNAs in
rice (Table 3). Predicted targets and their complementarity with the new miRNAs are
provided in Table 4. The number of predicted targets per miRNA varied greatly, from 1 to
15. Four of the miRNAs (miR435, miR443, miR444 and miR445) each has only one
predicted target. We were unable to predict targets for the remaining 3 miRNAs (miR438,
miR440 and miR442) by applying these criteria. To evaluate the false positive rates of our
target predictions, we performed the same searches with 100 randomized sequences for each
miRNA. The length and composition of the miRNAs was maintained in the randomized sets
and the searches were performed with the same mismatch settings (Rhoades, M. et al., Cell
110:513-520 (2002); Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004)). According
to these results (Table 3) the hit frequency with the authentic miRNAs is in most cases more

than 5 times higher and relative.

[0059] In animals, all known miRNA target sites were found in 3 "UTR’s of protein coding
genes, whereas in plants they are only occasionally in the 3"UTRs and but are predominantly
in the coding regions (Rhoades, M. et al., Cell 110:513-520 (2002); Jones-Rhoades, M. J. et
al., Mol. Cell 14:787-799 (2004); Sunkar, R. et al., Plant Cell 16:2001-2019 (2004); Bonnet,
E. et al., Proc. Natl. Acad. Sci. USA. 101:11511-11516 (2004); Wang, X. J. et al., Genome
Biol. 5:R65 (2004b); Adai, A. et al., Genome Res. 15:78-91 (2005)). In plants, they also have
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been predicted to reside in 5"UTRs (Sunkar, R. et al., Plant Cell 16:2001-2019 (2004)).
Recently, miRNAs have also been predicted to target ORFs in humans (Lewis, B. P. et al,,
Cell, 120:15-20 (2005)). Consistent with the earlier findings in Arabidopsis, 30 of our
predicted target genes in rice have target sites in their ORFs. Fifteen genes have their

predicted target sites in 3’ UTR and only one in the 5’ UTR.

[0060] Both miR444 and its predicted target, 2a MADS-box transcription factor gene, are
conserved in other monocots such as wheat, maize, barley and sugarcane but not in
Arabidopsis (data not shown). OsmiR396d, a new member of the miR396 family, is
expected to target the GRFs (Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004)).
miR396d displays near perfect complementarity with 15 of these GRF genes (Table 3 and
Table 4). The complementary sites of miR396d are highly conserved in GRF genes of

sorghum, maize, barley and sugarcane.

[0061] The predicted target of miR439, 1 1667.m02576, a dirigent-like protein gene, was
found to have 3 complementary sites within its ORF (Figure 8). These 3 sites are very
closely spaced and separated by gaps of 11 and 9 nt. One target site corresponding to the
positions 567-588 is perfectly complementary to the miRNA. The other two target sites
correspond to the positions 599-619 and 628-648, with 2 and 4 mismatches, respectively
(Figure 8). The two target sites corresponding to positions 567-588 and 628-648 are in frame
and there is partial amino acid sequence conservation between these two target sites (Figure
8). The presence of 3 target sites within one ORF has not been seen before and thus is unique

among miRNA targets predicted thus far.

[0062] It appears that our predicted targets have roles not only in development but also in
diverse physiological processes. Sixteen of the predicted targets of 2 miRNAs (miR396d and
miR444) are transcription factors (GRL transcription factors and MADS-box transcription
factor), whereas the remaining 30 predicted targets of 9 miRNAs appear to have roles in a
broad range of physiological processes, and include protein kinases, F-box proteins, dirigent-
like protein, glutamate receptor-like proteins, RNA binding protein, retrotransposon and 17
other proteins with unknown function (Table 3).

Identification of miRNA-guided cleavage of target mRNAs in rice
[0063] miRNAs negatively regulate target genes, through miRNA-directed cleavage within

the region of complementarity or interfering with translation (Carrington, J. C. et al. Science
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301:336-338 (2003); Bartel, D. P. Cell 116:281-297 (2004); Ambros, V. Nature 431:350-355
(2004); Dugas, D. V. et al., Curr. Opin. Plant Biol. 7:512-520 (2004); Mallory, A. C. et al,,
Curr. Opin. Plant Biol. 7:120-125 (2004a)). Most of the Arabidopsis miRNAs have been
shown to guide the cleavage of target mRNAs (Llave, C. et al., Science 297:2053-2056
(2002b); Tang, G. et al., Genes Dev. 17 :49-63 (2003); Palatnik, J. F. et al., Nature 425:257-
263 (2003); Kasschau, K. et al., Dev. Cell 4:205-217 (2003); Xie, Z. et al., Curr. Biol.
13:784-789 (2003); Mallory, A. C. et al., Curr. Biol. 14:1035-1046 (2004b); Mallory, A. C.
et al., EMBO J. 23:3356-3364 (2004c); Floyd, S. K. et al., Nature 428:485-486 (2004);
Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004); Wang, X. J. et al., Genome Biol.
5:R65 (2004b)). To test whether the predicted miRNA targets in rice can also be cleaved, we
used a RNA ligase-mediated 5' RACE procedure (Llave, C. et al., Science 297:2053-2056
(2002b)) to map the cleavage sites in the predicted target genes from rice. We performed the
5’RACE assays on four predicted target genes: two were representatives of targets of
conserved miRNAs (11668.m00935 targeted by OsmiR390; 7448.m00137 targeted by
OsmiR408); one is a MADS-box factor (1 1668.m04852) which is a predicted target of
OsmiR444 as a representative of monocot-specific miRNA target; and the other target served
as a representative of rice specific miRNA target (1 1686.m04227 targeted by OsmiR436).
All these four predicted targets were found to have specific cleavage sites corresponding to
the miRNA complementary sequences (Figure 9A, 9B, 9C and 9D). In all these cases, the
most common 5 end of the mRNA fragments mapped to the nucleotides that pair with the
10th miRNA nucleotides from their 5 ends.

Experimental verification of previously predicted miRNAs in rice

[0064] With the exception of a member of the miR171 family, none of the predicted
miRNAs in rice have been verified experimentally. The miR171b homolog in rice has been
cloned in a recent study (Wang, J-F. et al., Nucleic Acids Res. 32:1688-1695 (2004a)).
Sequence similarity searches show that 21 of the cloned miRNAs (in 15 families) in this
study had been predicted in rice (Table 2). These include OsmiR156a, OsmiR156Kk,
OsmiR159a/b, OsmiR159¢, OsmiR160, OsmiR164, OsmiR166a-f, OsmiR167a-c,
OsmiR167d-1, OsmiR168a, OsmiR169b/c, OsmiR1 69f/g, OsmiR169h-m, OsmiR17 1a-f,
OsmiR171g, OsmiR172a, OsmiR393, OsmiR397, OsmiR398, OsmiR399a and OsmiR408
(Table 2). We noticed that all predicted members of 4 miRNA families -- OsmiR169 (3
members), OsmiR156 (2 members), OsmiR159 (2 members) and OsmiR171 (2 members) --
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have appeared in our libraries (Table 2). Thus, our cloning supports the expression of all

members of these 4 miRNA. families in rice.

[0065] The frequency of cloning varies highly among miRNAs. Our analysis indicates that
OsmiR 168a is the most abundant miRNA in rice, which was represented by 22 clones in the
library. Of the 22 clones, 14, 5 and 3 came from shoot, root and inflorescence libraries,
respectively. The OsmiR168 family was represented by 2 members (168a and 168b) that
differ slightly in nucleotide sequence. All 22 clones belong to OsmiR168a and none to
miR168b, which suggests that only miR168a is abundantly expressed, and miR168b is much
lower in abundance or its expression may be limited to specific cells or tissues. An equally
abundant miRNA family is the OsmiR156 family, with multiple (12) loci in the rice genome,
which appeared 22 times in our sequencing. Seventeen clones corresponded to the

OsmiR 156a-j loci, whereas the other 5 clones belong to another homolog, miR156k/1.
Slightly less abundant miRNAs are members of the OsmiR396 and OsmiR169 families, each
represented by 10 and 9 clones, respectively. Interestingly, none of the 10 clones represented
the predicted member of the OsmiR396 family; rather, all these 10 clones corresponded to the
new member, OsmiR396d, identified in this study. Other miRNAs, OsmiR159, OsmiR164,
OsmiR166, OsmiR167, OsmiR169, OsmiR171, OsmiR172 and OsmiR397, were cloned only
a few times (2 to 8), whereas the rest (OsmiR160, OsmiR393, OsmiR398, OsmiR399 and
OsmiR408) appeared only once.

[0066] In addition to the 14 new miRNAs presented in the Table 1, we also identified 5
other small RNAs (Table 5) encoded by the rice genome and have some features of miRNAs
(derived from hairpin RNA precursors) (Figure 13). However, we are unable to designate
thefn as miRNAs at the present time as they could not be detected in the Northern analysis.
Due to the lack of genetic tools in rice for validating miRNA biogenesis, such as mutants
defective in DCL genes, future researc}; is required to confidently designate these small
RNAs as either miRNAs or siRNAs.

DISCUSSION

Monocot-specific and rice-specific miRNAs

[0067] In animals, most miRNAs are conserved across species boundaries (Ambros, V.
Nature 431:350-355 (2004); Bartel, D. P. Cell 116:281-297 (2004)). The strict conservation
of miRNAs observed might suggest that the interactions between these miRNAs and their
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targets constitute essential processes and could play evolutionarily conserved roles
(Pasquinelli, A. E. et al., Nature. 408:86-89 (2000)). However, a few miRNAs appear to be
species specific (Ambros, V. et al., Curr. Biol. 13:807-818 (2003a)). miRNAs that are
restricted to one or a few species may be implicated in species- or clade-specific functions.
The identification of several miRNAs in Arabidopsis that are not conserved in rice suggests
that these may have specific roles in Arabidopsis. These observations strongly supported the
hypothesis that rice may also have a unique set of miRNAs. Thus far, 20 families of
miRNAs discovered in Arabidopsis are predicted to be conserved in rice (Reinhart, B. J. et
al., Genes Dev. 16:1616-1626 (2002); Park, W. et al., Curr. Biol. 12:1484-1495 (2002);
Jones-Rhoades, M. I. et al., Mol. Cell 14:787-799 (2004); Sunkar, R. et al., Plant Cell
16:2001-2019 (2004); Bonnet, E. et al., Proc. Natl. Acad, Sci. USA. 101:11511-11516
(2004); Wang, X. J. et al., Genome Biol. 5:R65 (2004b); Adai, A. et al., Genome Res. 15:78-
91 (2005)). Of these, we have experimentally verified the expression of 15 families of
miRNAs in rice. To a certain extent, the 75% coverage of predicted miRNAs in our libraries
may reflect the extent of saturation of our miRNA cloning. Of the 14 new rice miRNAs we
identified, only 1 (miR390) is conserved in both Arabidopsis and maize, whereas 4 others
(miR396d, miR437, miR444 and miR445) are conserved in other monocots such as maize,
barley, sugarcane and Sorghum but not in Arabidopsis, which suggests that these latter ones
are specific to monocots, and the remaining 9 miRNAs are likely specific to rice. All of the
new miRNAs are conserved in another rice subspecies, Indica (Table 1). This is expected
given the extensive sequence co-linearity between these two rice subspecies (Feng, Q. et al,,
Nature 420:316-320 (2002)).

[0068] Compared to computational approaches, direct cloning has the advantage of
identifying not only non-conserved miRNAs, but also atypical miRNAs. Cloning of miRNAs
in rice resulted in the identification of an additional member (from the OsmiR396d and
OsmiR396e loci) of the OsmiR396 family. The presence of an extra nucleotide in the middle
of a miRNA from the same family was previously unknown. The identification of a new
member of the OsmiR396 family with the added nucleotide in the miRNA sequences
suggests that future computational approaches should incorporate this structural feature in
their prediction strategies. It is interesting that this new member is missing from the

Arabidopsis miR396 family.
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Unusual processing and ubignitous expression patterns of rice miRINAs

[0069] Although the majority of the new miRNAs are mapped to intergenic regions, a
considerable fraction maps to the introns, whereas 2 miRNAs (OsmiR436 and OsmiR444)
map to exons of protein-coding genes. The expression of exon- and intron-derived miRNAS
in the sense polarity is most likely driven by the promoters of the surrounding genes, whereas
those in the antisense polarity within the introns are likely to be expressed as independent

genes.

[0070] The structural analysis of full-length transcripts of pre-miRNA transcripts of
miR172 revealed the presence of introns, and the processed transcripts are 5° capped and
polyadenylated (Aukerman, M. J. et al., Plant Cell 15:2730-2741 (2003)). A fold-back
structure can be readily predicted for the AthmiR172 precursor from genomic sequence since
the hairpin precursor resides in one exon. Nevertheless, this observation suggests that certain
miRNA precursor sequences can enter the spliceosomal pathway. Consistent with this, we
found that one of the newly identified miRNA precursors (OsmiR444) requires part of exons
2 and 3 of a protein-coding gene for hairpin formation. T his shows that some miRNA
precursors undergo processing and that processed transcripts are necessary for the prediction
of the hairpin structure. Similarly, a hairpin structure for miR436 could onty be predicted
from a processed transcript, which suggests the presence of introns within the hairpin
sequence. These findings raise the possibility that some other miRNA transcripts might also
have introns within the hairpin precursor sequences and it would be impossible to predict

these miRNAs if the sequences of processed transcripts are not available.

[0071] Although the expression of several miRNAs from Arabidopsis are shown to be
constitutive and ubiquitous, many miRNAs exhibit preferential expression in a temporal or
tissue-specific manner (Reinhart, B. J. et al., Genes Dev. 16:1616-1626 (2002); Park, W. et
al., Curr. Biol. 12:1484-1495 (2002); Llave, C. et al., Plant Cell 14:1605-1619 (2002a);
Aukerman, M. T. et al., Plant Cell 15:2730-2741 (2003); Chen, X. Science 303:2022-2025
(2004); Sunkar, R. et al., Plant Cell 16:2001-2019 (2004); J ones-Rhoades, M. J. et al., Mol.
Cell 14:787-799 (2004)), while the expression of others is modulated by abiotic stress
(Sunkar, R. et al., Plant Cell 16:2001-2019 (2004)) or nutritional status such as sulfur
starvation (Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004)). Most of the previously
reported miRNAs were shown to be abundantly expressed in inflorescence tissues in

Arabidopsis (Reinhart, B. J. et al., Genes Dev. 16:1616-1626 (2002); Llave, C. et al., Plant
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Cell 14:1605-1619 (2002a); Park, W. et al., Curr. Biol. 12:1484-1495 (2002); Sunkar, R. et
al., Plant Cell 16:2001-2019 (2004)). However, the expression of most of the newly
identified rice miRNAs does not show higher expression in inflorescence tissues. In fact,
with the exception of OsmiR436, all others seem to have lower levels of expression in the
inflorescence compared to other tissues. Additionally, most of the newly identified rice

miRNAs are ubiquitously expressed and few showed tissue specific expression.

Predicted targets include transcription factors and others with a broad range of
biological functions

[0072] Over one third of the genes in the human genome were predicted as miRINA targets
and these targets appear to be involved in a wide range of biological functions (Lewis, B. P.
et al., Cell, 120:15-20 (2005)). Previously reported miRNAs in Arabidopsis have targets that
are predominantly transcription factors or parts of the RNAi machinery such as DCL-1 and
AGO1 (Xie, Z. et al., Curr. Biol. 13:784-789 (2003); Vaucheret, H. et al., Genes Dev.
18:1187-1197 (2004)). More recently identified miRNAs in Arabidopsis may target
transcripts that encode proteins involved in diverse physiological processes (Jones-Rhoades,
M. J. et al., Mol. Cell 14:787-799 (2004); Sunkar, R. et al., Plant Cell 16:2001-2019 (2004),
Bonnet, E. et al., Proc. Natl. Acad. Sci. USA.101:11511-11516 (2004); Wang, X. J. et al,,
Genome Biol. 5:R65 (2004b); Adai, A. et al., Genome Res. 15:78-91 (2005)).

[0073] We were able to predict 46 genes as potential targets of 11 newly identified
miRNAs in rice. Transcription factors (GRL and MADS-box gene) represented one-third of
the predicted targets of miRNAs in the present study. The remaining 30 predicted targets
appear to have roles in diverse physiological processes. For instance, F-box proteins that
regulate diverse cellular processes, including cell cycle regulation, circadian rhythm, flower
development and hormonal signal transduction (Kuroda, H. et al., Plant Cell Physiol.
43:1073-1085 (2002)), are predicted targets of 3 miRNAs (miR435, miR441 and miR446).
OsmiR439 is predicted to target a dirigent-like protein (Table 3). Thus far, dirigent proteins
and their homologs have only been reported in vascular plants (Davin, L. B. et al., Plant
Physiol. 123:453-461 (2000)). Although the precise role of these proteins is not known, they
seem to function in the lignification in vascular plants (Burlat, V. et al., Phytochem. 57:883-
897 (2001)). Glutamate receptor proteins are probable targets of OsmiR437 (Table 3).

Tonotropic glutamate receptors function in animals as glutamate-gated non-selective cation
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channels. Recent evidence suggests that plant glutamate-receptor-like (GLR) genes do
encode non-selective cation channels, but these channels are not gated by amino acids and
therefore their roles in plants remain a mystery (Davenport, R., Ann. Bot. 90:549-557 (2002)).
OsmiR390 is predicted to target 3 leucine rich-repeat protein kinases (Table 3). Fifieen
unknown proteins are also predicted targets of newly identified miRNAs (Table 3). The
identification of miRNAs that target genes with unknown functions provides a unique tool to

probe the functions of these unknown genes.

[0074] The MADS-box protein family is represented by >70 and >100 genes in rice and
Arabidopsis, respectively. No miRNA that targets the MADS-box transcription factors has
been identified previously, either in Arabidopsis or rice. In this study, we found a miRNA
(miR444) that targets a MADS-box transcription factor gene in rice, and both the miRNA and
the target sites in the MADS-box genes are conserved in monocots. MADS-domain proteins
in plants were first identified as regulators of floral organ identity and have since been found
to control additional developmental processes such as meristem identity, root development,
fruit dehiscence, and flowering time (Coen, E. S. et al., Nature 353:31-37 (1991); Weigel, D.
et al., Cell 78:203-209 (1994); Riechmann, J. L. et al., Biol. Chem. 378:1079-1101 (1997);
Theissen, G. et al., Plant Mol. Biol. 42:115-149 (2000)). miR444 precursors can be found in
other monocot species such as maize, wheat, barley, and sugarcane from expression
databases. The lack of a miR444 homolog and of the conserved target site in a MADS-box
gene(s) from Arabidopsis strongly suggests that this miRNA-mediated regulation of MADS-
box genes is conserved only in monocots. Future manipulation of OsmiR444 level and of the
target MADS-box genes should help unravel the importance of these interactions in rice and

in monocots in general.

[0075] To our knowledge, no plant or animal miRNA has been previously predicted to
have multiple target sites in one ORF. In the case of OsmiR439, one target site is perfectly
complementary and the other two target sites have 2 and 4 mismatches including in positions
9 and 11 from the 5’ end of the miRNA. The mismatch at position 11 may suggest that the
interaction does not lead to cleavage, since perfect match at positions 10 and 11 are important
for cleavage of the target (Jones-Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004); Schwab,
R. et al., Dev. Cell (in press) (2005)). However, more recently it is shown that a mismatch at
position 11 reduces the cleavage rate but still can be tolerated in vivo (Mallory, A. C. et al,,
EMBO J. 23:3356-3364 (2004c)). The identification of miR439, with 3 complementary
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target sites within the ORF of a target gene (Figure 8), suggests that the cooperative
regulation of 1 gene at 3 different sites by 1 miRNA may be important to downregulate the
mRNA to the required level. Alternatively, despite its perfect complementarity with the
target gene at one of the target sites, this miRNA might be involved in translational
repression for which more than 1 target site may be necessary. Or, 1 target site may be
involved in cleavage and the others may be important for translational repression. Future
functional studies with introduced silent mutations in the target sites may reveal the
importance of 3 target sites in 1 ORF and may shed light on potentially unique regulatory

mechanisms.

miRNA-guided cleavage of target mRNAs in rice

[0076] The cleavage of target mRNAs appears to be the predominant mode of gene
regulation by plant miRNAs (Llave, C. et al., Science 297:2053-2056 (2002b); Kasschau, K.
et al., Dev. Cell 4:205-217 (2003); Palatnik, J. F. et al., Nature 425:257-263 (2003); Tang, G.
et al., Genes Dev. 17:49-63 (2003); Xie, Z. et al., Curr. Biol. 13:784-789 (2003); Jones-
Rhoades, M. J. et al., Mol. Cell 14:787-799 (2004); Vaucheret, H. et al., Genes Dev. 18:1 187-
1197 (2004); Mallory, A. C. et al., Curr. Biol. 14:1035-1046 (2004b); Mallory, A. C. etal,,
EMBO J. 23:3356-3364 (2004c)). Target mRNA fragments resulting from miRNA-guided
cleavage are characterized by a 5’ phosphate group, and cleavage occurs near the middle of
the base-pairing interaction region with the miRNA (Llave, C. et al., Science 297 :2053-2056
(2002b)). We were able to map the cleavage sites for 4 of the predicted targets, and the

results support that these are genuine miRNA targets in rice.

[0077] OsmiR408 was cloned in this study (Table 2). Previously, we reported the
identification of miR408 from Arabidopsis (Sunkar, R. et al., Plant Cell 16:2001-2019
(2004)). miR408 was predicted to target an mRNA encoding a plantacyanin (7448.m00137).
Its target site is conserved in several plant species (Sunkar, R. et al., Plant Cell 16:2001-2019
(2004)). In the present study, we mapped the miR408 cleavage site in the rice plantacyanin
transcript by using a modified 5’ RACE procedure. The result validated plantacyanin as a
genuine target of OsmiR408. The precise function of plantacyanins in plants is unknown;
however, they have been proposed to function in cell-to-cell signaling, lignin formation and
stress responses (Romo, S. et al., Plant Physiol. Biochem. 39:1017-1026 (2001); Kim, S. et
al., Proc. Natl. Acad Sci. USA, 100:16125-16130 (2003)). Our ability to map the cleavage
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products that correspond to the OsmiR390 complementary site in a Ser/Thr/Tyr-protein
kinase (11668.m00935) confirms that this kinase is indeed a miRNA target. This is the first
demonstration that protein kinases can be targeted by miRNAs. We also provide evidence
that a rice MADS-box transcription factor (11668.m04852) is a genuine target of OsmiR444.
One of the predicted targets (11686.m04227 an unknown protein) of miR436 is also

confirmed by the cleavage analysis.

[0078] In summary, our cloning study led to the discovery of 14 new rice miRNAs, of
which only one (miR390) is conserved in Arabidopsis. At least four of the miRNAs
(miR396d, miR437, miR444 and miR445) appear to be limited to monocots, suggesting
monocot-specific miRNA-dependent regulatory processes. It is possible that more of the new
miRNAs are present in other monocots whose sequence information is not available. It is
also possible that more of these miRNAs may be conserved in maize but cannot be detected
with the rice specific probes because of possible subtle sequence differences. The putative
monocot-specific miRNAs may have evolved after the divergence of monocots and dicots

200 million years ago, or they may have been lost in dicots.

METHODS

Cloning of miRNAs from rice

[0079] Total RNA was isolated separately from shoots and roots of 4-week-old young
seedlings and inflorescence of adult rice (Oryza sativa spp japonica cv. Nipponbare) plants
using TRIzol (Bethesda Research laboratories, Life technolo gies) according to the
manufacturer’s instructions. Cloning of miRNAs was performed as described (Sunkar, R. et
al., Plant Cell 16:2001-2019 (2004)). In brief, small RNAs from 18 to 26 nt were size
fractionated, purified, and ligated sequentially to 5” and 3’ RNA/DNA chimeric
oligonucleotide adapters. Reverse transcription was performed after ligation with the
adapters, followed by PCR amplification. The resulting PCR products were cloned and
transformed into competent cells. Plasmids were isolated from individual colonies and
sequenced. The sequences were subsequently processed and used for BLAST analysis
against the Oryza sativa spp japonica sequences in the TIGR database and other plant
sequences in the NCBI database.
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Sequence analysis and prediction of fold-back structures

[0080] Automated base calling of raw sequence traces and vector removal was performed
with the PHRED and CROSS MATCH programs from Ewing and Green (1998). All
trimmed sequences longer than 16 nt were used to search the Rfam
(www.sanger.ac.uk/Software/Rfam) database with BLASTN (Altschul, S. F. et al., Nucleic
Acids Res. 25:3389-3402 (1997)). This step allowed the removal of most non-siRNA and
non-miRNA species in the dataset. Putative origins for the remaining sequences were
identified by BLASTN searches against the intergenic and intron sequences using the latest
annotation 3.0 of Oryza sativa spp. japonica from The Institute for Genomic Research
(TIGR, fip://fip.tigr.org/pub/data/Eukaryotic_Projects/o_sativa/). Candidates with perfect
matches against these genomic datasets were used for fold-back secondary structure
prediction with the mfold program (Zuker, M. Nucleic Acids Res. 31:3406-3415 (2003)).
Three different combinations of upstream and downstream sequence spanning the putative
miRNA origins were used for the predictions: (1) 400 bp upstream and 20-30 bp downstream
(2) the same length combination but in reverse order and (3) 200 bp upstream and 200 bp
downstream. In the case of OsmiR444 and OsmiR436, only processed transcript sequences

were used to predict the hairpin structure. OsmiR436 hairpin prediction required 700 nt.

[0081] To identify putative target sequences, all predicted and cloned CDS and UTR
sequences from O. sativa (TIGR all.cdna set) were searched with PatScan (Dsouza, M. et al.,
Trends Genet. 13:497-498 (1997)). The following parameters were used for these pattern
searches, all referring to the 5’ end of the miRNAs in antisense orientation: not more than one
mismatch between positions 1-9, no mismatch between positions 10-11 and not more than
two mismatches for the rest of the sequence. False positive rates of predicted targets were
estimated with the same search strategy using 100 randomized samples for each miRNA. The
retrieved miRNA/target site pairs were ranked and scored by aligning them with the
Needleman-Wunsch global alignment program from EMBOSS (Rice, P. et al., Trends Genet.
16:276-277 (2000)). Global cross-species conservations of miRNAs were determined by
BLASTN searches against the NT and EST databases from NCBI. The results were parsed
with a Perl script that scored only those pairwise BLAST alignments (HSP) as hits when they
were not more than two positions shorter than the query sequence and 95% identical. More
detailed conservations of miRNAs and target sequences within the genome sequences of

Populus trichocarpa, O. sativa spp. indica and Arabidopsis thaliana were determined with
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the same BLASTN and PatScan strategy used for the japonica host. Weaker conserved
origins in the genomic sequences of Arabidopsis and Populus trichocarpa were identified

with PatScan (maximal two mismatches) and subsequent fold-back structure predictions.

RNA blot analysis

[0082] Total RNA was isolated from leaf, stem, root and inflorescence tissues of adult
plants as well as from 4- week-old young rice seedlings. Total RNA was also isolated from
pooled maize tissues (kernels, pericarp, endosperm, scutellum, coleoptile, embryo, silk and
young seedlings) and 3-week-old Arabidopsis seedlings using TRIzol (Bethesda Research
laboratories, Life technologies). One hundred micrograms of total RNA was loaded per lane
and resolved on a denaturing 15% polyacrylamide gel and transferred electrophoretically to
Hybond-N" membranes (Amersham Biosciences, Bucks, UK). Hybridization and washings
were performed as described (Sunkar, R. et al., Plant Cell 16:2001-2019 (2004)). The

membranes were briefly air dried and then exposed to a phosphorimager.

5 RACE

[0083] Total RNA from 4-week-old rice seedlings was extracted with Trizol reagent.
Poly(A)" mRNA was purified from total RNA with use of the Poly A kit (Promega). RLM-5'
RACE (RNA ligase mediated -5’ rapid amplification of cDNA ends) was carried out with use
of the GeneRacer Kit (Invitrogen Life Technologies, Carlsbad, CA, USA). The GeneRacer
RNA Oligo adapter was directly ligated to mRNA (100 ng) without calf intestinal
phosphatase and tobacco acid pyrophosphatase treatment. Gene specific primers were
designed and used for cDNA synthesis. Initial PCR was carried out with the GeneRacer 5'
primer and gene specific primers (7448.m00137, 11668.m00935, 11668.m04852 and
11686.m04227). Nested PCR was carried out with 1 pL of the initial PCR reaction,
GeneRace 5' nested primer, and gene specific internal primers. After amplification, 5' RACE

products were gel-purified and cloned, and at least 10 independent clones were sequenced.
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Table 2. Experimental verification of previously predicted miRNAs in rice.

Gene miRNA sequence Cloning frequencies in libraries
OsmiR156a-) UGACAGAAGAGAGUGAGCAC Shoot (12), Root (5)

OsmiR156k,]  UGACAGAAGAGAGUGAGCACA Shoot (3), Root (1), Inflorescence (1)
OsmiR 159a,b UUUGGAUUGAAGGGAGCUCU Shoot (3), Inflorescence (2)
OsmiR159¢ UUGGAUUGAAGGGAGCUCUGC Shoot (2)

OsmiR160 UGCCUGGCUCCCUGUAUGCCA Shoot (1)

OsmiR 164 AUGGAGAAGCAGGGCACGUGCA Shoot (3), Inflorescence (3)
OsmiR166a-f UCGGACCAGGCUUCAUUCCCC Shoot (2), Inflorescence (1)
OsmiR167a,b,c UGAAGCUGCCAGCAUGAUCUA Shoot (2)

OsmiR167d-I UGAAGCUGCCAGCAUGAUCUG Root (1)

OsmiR168a UCGCUUGGUGCAGAUCGGGAC Shoot (14), Root (3), Inflorescence (5)
OsmiR169b,c CAGCCAAGGAUGACUUGCCGG Shoot (2)

OsmiR169f,g UAGCCAAGGAUGACUUGCCUA Shoot (2), Root (1)

OsmiR169h-m UAGCCAAGGAUGACUUGCCUG Shoot (1)

OsmiR171a-f UGAUUGAGCCGUGCCAAUAUC Shoot (1), Root (1), Inflorescence (2)
OsmiR171g GAGGUGAGCCGUGCCAAUAUC Root (1)

OsmiR172a AGAAUCUUGAUGAUGCUGCAU Shoot (2), Inflorescence (2)
OsmiR393 UCCAAAGGGAUCGCAUUGAUC Inflorescence (1)

OsmiR397b UUAUUGAGUGCAGCGUUGAUG Shoot (1), Root (1)

OsmiR398 UGUGUUCUCAGGUCGCCCCUG Shoot (1)

OsmiR399%a UGCCAAAGGAGAAUUGCCCUG Shoot (1)

OsmiR408 CUGCACUGCCUCUUCCCUGGC Root (1)
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Table 3. Predicted targets of newly identified rice miRNAs. For each potential target gene,

PCT/US2006/012046

the number of mismatches between the miRNA and mRNA is indicated in parentheses.
Annotated rice mRNAs were also searched for sites complementary to randomized miRNAs

(100 repeats) applying the same criteria that were used for predicting targets. The mean of the
hit frequency of the randomized data and their standard deviations are recorded.

mRNA Target gene Target Target protein Count | Mean | SD
site
MIR390 11668.m00935(1); 11674.m03433(3); 11687.m03320(3) ORF LRR proteins 3 0.24 0.7
MIR396d | 11668.m04403(1); 11668.m04580(1); 11669.m04718(1); ORF Growth regulating 15 0.19 0.6
11670.m04997(1); 11670.m04998(1); 11680.m00165(1); factor (GRL)
11680.m00999(1); 11669.m05248(1); 11670.m02258(1); transcription factors
11687.m03206(1); 11686.m02909(1); 11687.m03206(2);
11670.m04996(1); 11680.m00166(1); 11670.m04758(1)
| MIR435 11687.m03448(3) ORF F-box protein 1 0.75 13
I\
I
E
4 11686.m04227(0); 11686.m04226(1) ORF unknown proteins 2 0.07 03
3
a
MIR437 1‘1 680.m04605(1); 11680.m04606(1) ORF Glutamate receptor 2 0.22 0.6
proteins
MIR439 11667.m02576 (3 target sites with 0, 2 and 4 mismatches) | ORF Dirigent like protein 4 0.15 05
1} 11680.m01869(1); 11668.m02918(3) ORF unknown proteins
11673.m02474(3) ORF retrotransposon
MIR44] 11669.m05042(3) ORF unknown protein 10 0 0
11667.m06876(2); 11674.m00346(2); 1 1674.m00582(2); 3UTR unknown proteins
11680.m01945(2); 11682.m04930(3); 11687.m00089(3) 3'UTR unknown proteins
11682.m03939(3); 3'UTR unknown proteins
11668.m04341(2) * 3'UTR | F-box protein
11686.m03687(3) 3'UTR UDP-glucoronosyl
and UDP-
glucosyltransferase
MIR443 11687.m04039(3) ORF unknown protein 1 0.13 0.4
MIR444 | 11668.m04852(0) ORF MADS-box 1 0.19 0.6
2. 1 transcription factor
MIR445 11680.m05074(3) 5'UTR RNA-binding protein | 1 0 0
MIR446 | 11668.m04341(2) 3UTR F-box protein 6 0.0t 0.1
11674.m00582(2); 11680.m01945(2); 11682.m04930(3); | 3°'UTR | unknown proteins
11682.m03939(3) 3'UTR unknown protein
11680.m01730(2) J'UTR unknown plant
specific protein
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WO 2006/105436 PCT/US2006/012046

WHAT IS CLAIMED 1IS:
1. An isolated miRNA as show in Table 1, Table 2, Table 4, or Table 5.
2. A recombinant expression cassette encoding the miRNA of claim 1.
3. A transgenic plant comprising the expression cassette of claim 2.

4, A method of inhibiting down-regulation of a target coding region, the
method comprising mutating at least one nucleotide in the coding region to render the coding

region resistant to miRNA mediated down-regulation.
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Figure 10

Predicted fold-back structures of the new miRNA precursors from rice.
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us uu U G A U u AAUUAACAUCUARRAU AU CA- A
CCCUCUGUUUCAUAU UA  GUGUUU AGUUUUGUU UAAGUCAAA UUCUUU ACUUUGACCAAGUUUGUAG ARAAU ACCAA ARARUA CU U
GGGAGACAAGGUAUA AU CACAAA UCAARACAG AUUCAGUUU ARCAGH UGAARCUGGUUCAAAUAUC UUUUA UGGUU UUUAU GA U

GU UucC - G @ i) u GUammmrmmmme e c- ACA G

OsmiR438 (AG= -59.0)

UGUUUU CAAACU UUU U - UG .-AUG GUAU A
AACG GGG uG UCCCACGCGUUA AGUGAAAACUUUUGGAAU AUGUU UU GGA AUAUU \
UuGC CcCcu AC AGGGUGCGCAAU UCACUUUUGARAARACUUUG UACAG GG ucu UAUAG U

CU---- UCAUCU UAU U G GU \ --- AGGU U

OsmiR390 (AG=-55.9)

U U U A G CGARA
GGUA GGAACAA CC UG AGCUCAGGA GGAUAGCGCCU U
CCAU UCUUGUU GG AC UCGAGUCCU UCUAUCGCGGA C

- .U U ¢C A UCARA

OsmiR439a (AG=-61.9)

UGA A U-- uGU
UACCCUGUCGAAC CGC GUUCGACA GUACCUGUCGAAC \
GUGGGACAGCUUG GCG CAAGCUGU UAUGGAUAGCUUG G

uuG c ccc uuG

OsmiR439b

uu Uuc G U U
CCUGUCGAAU U GU GUUCGAUAGG A
GGACAGCUUG G CG CAAGCUGUCC C

- v e C C

OsmiR439c

UGA A U-- uGu
UACCCUGUCGAAC CGC GUUCGACA GUACCUGUCGAAC \
GUGGGACAGCUUG GCG CAAGCUGU UAUGGAUAGCUUG G

uuG Cc ccc uuG
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OsmiR439d

CCACC UCA UA U-- uGu
UACCCUGUCGAAC CG GUUCGACA GUACCUGUCGAAC \
GUGGGAUAGCUUG GC CAAGCUGU UAUGGAUAGCUUG G

----- gue  GC cce uuG

OsmiR439e

CCAacc UGA A U-- uGU
UACCCUGUCGAAC CGC GUUCGACA GUACCUGUCGAAC \
GUGGGACAGCUUG GCG CAAGCUGU UAUGGAUAGCUUG G

----- uuG c cce uuG

OsmiR439f

ACC UuGA A U-- uGu
UACCCUGUCGARAC CGC GUUCGACA GUACCUGUCGARC \
GUGGGACAGCUUG GCG CAAGCUGU UAUGGAUAGCUUG G

- oG Cc ccc uuG

OsmiR439g

U UGA A U-- o civ)
CCUGUCGAAC CGC GUUCGACA GUACCUGUCGAAC \
GGACAGCUUG GCG CAAGCUGU  UAUGGAUAGCUUG G
= uuG C ccc uuG

OsmiR439h

ACCACC UCA A U-- uGu
UACCCUGUCGAAC CGC GUUCGACA GUACCUGUCGAAC \
GUGGGACAGCUUG GCG CAAGCUGU UAUGGAUAGCUUG G

—————— uue c ccc uuG

OsmiR439i

CACC-- UGA A U-- UGu
UACCCUGUCGAAC CGC GUUCGACA GUACCUGUCGAAC \
GUGGGACAGCUUG GCG CAAGCUGU UAUGGAUAGCUUG G

CAAAUC uuG C ccc uuG

OsmiR4397

c U U A C cCA
ACAGGGUACC UAUCGAACAACUGCGGUUCGACA--GG ACC AUUGG CUG CA \
UGUCCCAUGG AUAGCUUGUUGGCGCCAAGCUGU CC UGG UGAUC GAC GU C

- \ - U G A UU

OsmiR440 (AG=-62.4)

A UG C G C c U CAA -~ cc
AUUGCU U UUGGUG UGG CU GUCCUGAUCA UAGGAGAC CUGAU GC UAGG U
UAGCGA A AGCCAC AUC GA CAGGGCUAGU GUCCUCUG GAUUA UG AUUC A

G GU A G A A U --- U AR
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OsmiR396d (AG=-92.3)

GCe c ca e .-U G ue
AAAGAUGU  GGCAUG UUUCCA GGCUUUCUUGAACUGU AAC  CGUGGG G U
UUUCUGCG  CCGUAC AAAGGU CCGAAAGAACUUGGUA UUG  GUACUC U A

- c AC e \ - G GU

OsmiR396e

Ie) c cA G .-U G UG
GCGG CAUG UUUCCA GGCUUUCUUGAACUGU AAC CGUGGG G U
CGCC GUAC AMAAGGU CCGAAARGAACUUGGUA UUG  GUACUC U A

- c AC e \ - G GU

OsmiR441la (AG=-67.4)

ARAAUAUAUU G uu UA A A c CUAGAU
AAUUG UACU CUC UUU ACAAUGUAAGUCAUUUUAGCAUUUC CACAUU AUAUUGAU U
UUAAU AUGA GAG AAA UGUUACAUUCAGUAAAAUCGUAAAG GUGUAA UAUAACUA C
ARAAC-=-~-~- G GG GC G G A CCAUUA

OsmiR441b

UUAUCACCACUGACAUA cc c G A UU C UUA- AUC
CUUCCU GUUUCA AAUGUAAGUCAUUUUA UA UU CAUAUU AUAUUGAUG AUGA U
GAGGGA CAAAGU UUACAUUCAGUAAGAU GU AA GUGUAA UAUAACUAC UACU A

AC-------mommmm - UA A G A GG A CAUG CAG

OsmiR441c

C uu GAU
UACUUCCUCUGUUUCAUAAUGUAAGU AUUUUAGCAUUU CAUAUUUAUAUUGAUGGUAAUGAAUCUAGAUA A
AUGAAGGAGGCAAAGUGUUACAUUCA UAAGAUCGUAARA GUGUAAAUAUAACUACCAUUACUUAGAUCUGU u

A GG AUA

OsmiR442 (AG=-79.8)

A A AUARAU AAAA U-  UA-- UGA cuy C  AUGAUCUGAC G U
CACAUAU UGGAGUAUU AAU GA AAUAAC AAU UACAGA  CGU GUARAIRIGCUAGACGAAU  UUAAGCCUAAUUG UCC ARUGU UGC A
GUGUGUA ACUUCAUAA UUG cu UUAUUG UUG AUGUCU  GCA CAUUUGACGCUCUGCUUA  AAUUCGGAUURAU AGG UUACA AUG C

A A CAU--- GA-~ U UUUA UAG GA ARU U  CAGUAAUCGU A- A

OsmiR443 (AG=-74.4)

CAU-- ccc AG---- A A . A
caeucc AAAAACARAA ARAACU AUGUGAUAUAUC CA UACAAUAAAUCUGGAUAGGAG UCU U
GCAGG UuuuUUGUUU UUUUGA UACACUGUAUAG GU AUGUUAUUUAGAUCUAUCUUC AGA C

Uuuuu AUA CUUAUA G C AU C

OsmiR445a (AG=-141.0)

A - G AAR A uc AUGAAA C A C AU A .~AUGRRA U
UCACAUCG AUGUUUG ACGCUAAUUUGGAGUAUUAAACAUA ACUAAU ARAACU AUU AUAA GCUAAU UGCGAGACGAAUUUUUU AG CUAAUUA CCAU AUU AG U
AGUGUAGC UACARAU UCUGAUUAAAUCUCAUAAUUUGUAU UGAUUA UUUUGG UAA UAUU UGAUUA GCGCUCUGCUUAGAAAA UC GAUUAAU GGUA UAA uc v
[sd A G AUA A GA GGRACC A C A GU C AR A
.
OsmiR445b
G A - GAC AR- A uc AUGARA C c A C AU A .~AUGARA U
GUCC UGUCACAUCG AUGUUUG ACGCUAAUUUAGAGUAUUARACAUA UAAU ARAACU AUU AUAA GCUAAU UGCGAGACGAA UUUUU AG CUARAUUA CCAU AUU AG U
CAGG ACAGUGUAGC VACAAAU UGUGAUUAAAUCUCAUAAUUUGUAU AUUA UUUUGG URA URUU UGAUUA GCGCUCUGCUU GAAAA UC GAUUAAU GGUA UAA ucu

G ¢ A GUA AUA A GA GGAACC A A c A Gu [ A
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.
OsmiR445c
cc A - [o] G AAA A uc AUGAAR cu AU A .=AUGARA U
GUGUCACAUCG AUGUUUG ACGCUAAUUUGGAGUAUUARA AUA ACUAAU ARAACU AUU AUAA GCUAAU GCGAGACGAAUUUUUUAAGCCUAAUUA CCAU AUU AG U
UACAGUGUAGC UACAAAU UGUCAUUAAAUCUCAUAAUUU UAU UGAUUA UUUUGG UAA UAUU UGAUUA UGCUCUGCUUAGAAAAUUCGGAUUAAU GGUA UAA ucu
A- ¢ A A G AUA A GA GGAACC AG Gu (o] \ - A
.
OsmiR445d
- AN A AUG AAMA AUG COQC==~ c CCCU GA c va tcua A GAUGCU
UGG CCAA GAUGUU ACARA AUU CAUAA G UUAAUUCG GAGA  AA UUGAGUCUAAUUAAUC AUGAUUAGC UAUGU \
ACC cguuU CUACAA vauuy VAR GUAVU € GAUUAAGC CUCU WU AAUUCGGAUUAAUUAG UAUUAAUUG GUACA A
VA G- < AUA AlC= GAA UGAUUAU c UACU UC A OU  URAA o u AAUCACT
.
OsmiR445e
G A - G AAA A uc AUGAAA c A C AU A .=AUGAAA U
GUCC UGUCACAUCG AUGUUUG ACGCUAAUUUGGAGUAUUAARACAUA ACUAAU AAAACU AUU AUAA GCUAAU UGCGAGACGAAUUUUUU AG CURAUUA CCAU AUU AG U
CAGG ACAGUGUAGE UACAAAU VGUOAUUAAAUCUCAUAAUUUGUAU UGAUUA UUUUGG UAA UAUU UGAUUA GCGCUCUGCUUAGAAAA UC GAUUAAU GGUA UAA ucu
G (8] A G AUA A GA GGAACC A C A GU c \ == A
.
OsmiR445f£
- AMAAC v g A - o AAM A ue AUGARA c A C AU A +=AUGAAR U
AGAY Ggagdcy UUUU AGUCC AVGQUUUG ACUAAY AAAACU AUY  AUAM GCUAAU UGCGGGACGAAUUUUUU AG CUAAUUA CCAU AUU AU
UUUa CCCUGA ARRA UCAGG UACAARY UGAUUA UUUUGA VAR VAUU UGAUUA GCOCUCUGCUUAGAAAA UC GAUUARU GGUA UAA uc v
v AUsns v a < A o A GA @aaacc A c A aU (] \ emmmee A
.
OsmiR445g
U G A - G ARA UA uc AUGAAA c A CC AU A .
AUGAAA U
UUU AGUCC UGUCACAUCG AUGUUUG ACGCUARUUUGGAGUAUUAAACAUA ACUARU ARAAC AUU AUAA GCUAAU UGCGAGACGAAUUUUUU AG UAAUUA CCAU AUU
AG U
AMA UCAGG ACAGUGUAGC UACAAAU UGHGAUUAAAUCUUAUAAUUUGUAU UGAUUA UUUUG UAA  UAUU UGAUUA GCGUUCUGCUUAGAAAA UC AUUAAU GGUA UAA
ucvu
u G ¢ A G AUA UA GA GGAACC A C AA GU = \ e
- A
.
OsmiR445h
v G A - G A ue AUGAAA c A C A «~AUGAAA U
UUUU AGUCC AUGUUUG ACUAAU AAAACU AUU  AUAA GCUAAYU UGCGAGACGAAUUUUUU AG CUAAUUA CCAU AUU AG VU
AAAA UCAGG UACAARY UcAuuA VUUUGG UAA UAUU UGAUUA GCGCUCUGCUUAGAAAA UC GAUUAAU GGUA UAA ucu
v =) c kY G AUA A GA GGAACC A c A GU c ANET T A
. ,
OsmiR445i
uuu G A - G AAA A uc AUGARA C .=AAGCC AU
ACUU AGUCC UGUCACAUCG AUGUUUG ACGCUAAUUUAGAGUAUUAARUAUA ACUARU AMAACU AUU AUAA GCUAAU UGUGAGAUGRAUUUUU UAAUUA \
UGRA UCAGG ACAGUGUAGC UACAAAT LUGUGAUUAAAVUUUCAUARUUUGUAU UGAUUA UUUUGG UAA UAUU UGAUUA GCGCUCUGCUUAGAAA AUURAU C
uu- G ¢ A G AUA A GA GGAACC A \ sme- AC
.
OsmiR446 (AG=-914)
(o] A AA Cc U GAU

UAUGUACUUCCUUUGUUUCACAGUGUAAGU AUU UA AUUUCCCA AUUUAUAUUGAUGUUARUGAAUCUA AUA A
AUAUAUGAGGGAGGCAAAGUGUUACAUUCA UAA AU UABAGGGU URAGUAUAACUACAAUUAUUUAGAU UGU U
CAAGUUCAAG A G GG A C AUA
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Figuré 11

Predicted fold-back structures of the miR390 from Arabidopsis and Populus.

Arabidopsis thaliana

aagctcaggagggatagegec

AGAUUGAGU G AU AA G =¥ C
AGUA AGAA AGCUAU AGCUCAGGA GGAUAGCGCCA GG U
UCGU UCUU UCGAUA UUGAGUCCU CCUAUCGCGGU cc c

--------- - cu ce A \ - a
aagctcaggagggatagegec
CAAAAAAACAAA- - AUT A G = meesmeeaa- uc
GUAG AGAAGA C GU AAGCUCAGGA GGAUAGCGCCA UGAUGA A
CAUC UCUUCU G UA UUUGAGUCCU CCUAUCGCGGU AUUGCU C
CCGGAAAAAGUAA AU ccGU C A UUUUUAUCU UA
aaactcaggatggatagcgcec
-- vUUU--~- UU ua ccaa A u AAAAAUA a G
CGGCCU CA GUAG AGAAGAG UGAA CUCAGGA GGAUAGCGCCA GAU AC A
GUUGGG GU CAUC UCUUCUU AUUU GAGUCCU CCUAUCGCGGU CUA UG A
GU UUUUUUU  UU - AGAC (o] c ACUA--~ G U
Populus trichocarpa
aagctcaggagggatagegec
UGAUAUGUGCAUA U UA G AUGA A - GUU A
uu
AGUA GGGAGGAUCUGU AGCUCAGGA GGAUAGCGCC GCUGAUGAU AG UUGAU UG UGGG
\
UCGU UCCUCUUGGAUA UUGAGUCCU UCUAUCGCGG UGAUUACUG UC AACUA AC ACUC
A
UUA---—~—-=~~ - uc A ———— A U AU- A
UA

aagctcaggagggatagegcec

CUUGAUAUAUAGA U LA G -~ A-- GAU-- UG- CU
AGUA GGAAGAAUC GU AAGCUCAGGA GGAUAGCGCC CU  AG AACCA GG C
UCGU UCUUCUUGG CA UUUGAGUCCU CCUAUCGCGG GA  UC UUGEU UU U
CAmmmreemaman - U U A U CUA AGUUU uUva UU

aagctcaggagggatagegec

G-- UA G GAGC AAAGUCUA--- U uu
GGAGAAUCUGU AGCUCAGGA GGAUAGCGCCAU AUGAC UGUU GAG \
CCUCUUGGGUA UUGAGUCCU UCUAUCGCGGUG UACUG ACAA CUC A

AUU uc A AC-- ACCUAACUAAA - UA



WO 2006/105436 PCT/US2006/012046

15/17
aagctcaggagggatagcgee
AUAGARA u ucu U G - A AAU---~~-~-
o{6)
AGUA GGAAGAA GU AAGCUCAGGA GGAUAGCGCC CU AGGAU CAUGGG
\
UCGU UCUUCUU UA UUUGAGUCCU CCUAUCGCGG GA UCUUA GUAUUU
C
ACCA--~- - cGu C A U C GUUUUUGGU
uu
aaactcaggatggatagcgec
AA-- CCA A A U A UA CAAA AAUAAAR
GAAGAA GU AA CUCAGGA GGAUAGCGCC CUGA GU AACCA \
Ccuucuu CA UU GAGUCCU CCUAUCGCGG GAUU UA UUGGU A
AUAC AGAR A C o] - CC  -==- ACCCGAG
aaactcaggatggatagcgcee
GGAGCU GCAA GCAAUG A U A -- AARACCACAU
GGUA GAAGAA AR CUCAGGA GGAUAGCGCC CUGAG AAUCA A
UCAU cuucuu UU GAGUCCU CCUAUCGCGG GAUUC UUAGU A

U--=--- AC-~- AGACAA C C - Ccua ACCCGAGAAA
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Figure 12

Predicted fold-back structures of miR437 from maize, sugarcane and Sorghurmn.

Maize

¢ ¢ U - C cc U- CAGAAA C CCAU c cG U
UAUUUUAGC UUG CCUAA UUAGACUUCUCUA CU UGA AUGUUUAU AAARAUG CAUCUA AAUAUUAAA UAGAUA AC AU AAA \
GUAAAAUUG AAC GGGUU AGUUUGAAGAGAU GA ACU UACAMAUA UUUUUAU GUAGAU UUAUAGUUU AUUUGU UG UA UUU A

A A o} ¢ A U- uc ACAAUC u - A A G U

Sugarcane

- c GU A ACUAAACUUC cec [+ A UGCACCAAA- G .-UAUCAAACUAGUUCCAUUAAA
uc
UACUCU CUGUU CAR UAU GUUUACU AGCUUUGUC AAGUCAAAC UCUCUAACUUUGAUCAAGUUU UAGAAAAR AUCUA AA wuc
AUGAGG GGCAA GUU AUA CAAGUGA UCGARACAG UUCAGUUUG AGAGAUUGAMACUAGUUCAAA AUCUUUUU UAGAU UU ARG

<] A UG A Ahemmmmeen NA A a UAUAUAAUAG G \ meeemmmmmmmmmeneonee
uA

Sorghum

U A U - c c A - Cc ¢ - C .-UACAAA U
UUCCAMAAUGU GGUUGUUUU GUUUU GUCAUAAGU AAAUU UCUC AACUUUGACCAAGUUU UAGAAAA UA AC AACAU GGCAA AUC AUGARA G

GAGGUUUUACA CCAGCAAAA CAAAA UAGUAUUCA UUUGA AGAG UUGAARUUGGUUCAAA AUCUUUU AU UG UUGUA UCGUU UGG UGCUUU A
U c - G - A C U a a G A \ me-me- A
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Figure 13

Predicted fold-back structures of the putative miRNA precursors
from rice (see Table 5).

P18-F1 (AG=-63.3)

UGUUAAACGGCAC U A~ U A uGG---- U- UA
GGUUU CUUGG UCUCUC CUCCCUUGAAGGCU UCUCA AGGU UGAUG \
CCGAA GAACC AGAGAG GRGGGGGCUUCCGA AGAGU UCCG GUUAC C
UGACA-==~-=-=~~ Cc GA - A CAAAGAA uu CA

P20-A11 (AG=-114.1)

A A C A c A A c UG uG GGU
AG UUU CU CGGUCCAACAAAAAGUA CUCGAGGUA CG UACCUC CGGUAC AAAU UUUCCGAUCGUUGGAUCUAGC  GGUG \
UC AAA GA GCCAGGUUGUUUUUCAU GAGCUCCAU GC AUGGAG GCCAUG UUUA AAAGGCUAGCAACCUAGAUUG CUAC u

A A A A A C ¢ u els) - GGG

P83-E9 (AG=-201.3)

MU C A A c @ A c c uce A A [ ST A- A A == A
Aacy eac acce ARARAUG Auc UA ACA  CUCAGC CC CGUC AC UGGCACUG U
UUGA Gug Uses UUUYUAC VAT AU UGU  GAGUCG GG GUAG UG ACCGUGAC U

e A c  ar c A c A A oA E A c \- GA - @ cc A

P92-A7 (AG=-74.8)

A [¢] - CC U uce ACU-~ .=CARUAC AUAUA A UAU G
GAUGCUUCUUUC UCCUAAAAURUAAGCA UUUUAG AC UGACA AGUU  GAUAU ACUUUGARU ARUAUACAAU UAU UA  AUAUA U
CUAUGAAGGAGG AGGGUUUUAUAUUUGU AARAUU UG ACUGU UCAG  UUGUA UGAAACUG UUAUAUGUUG AUA AU  UGUAU A

(o] A G uc - u-- ARAAU \ —mmme- ARAA- A UU- A

P101-H12 (AG=-160.0)

ca AAUA ¢ cu
UGUGGCUCGCAUGCUUA  ACUAACGGCAUAAUUAGAUCACUUGAUGA GACGUAUAUCGGUGUUCGCUAUAUAUACUAUCUACUGGUAAGUAUAU  \
ACACCGAGCGUACGAAU  UGAUUGCCGUAUUAAUUUAGUGAACUACU CUGCGUAUAGCCACAAGUGAUAUAUAUGAUAGAUGACCAUUCAUAUA U

- ———- a AU
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