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Summary

Floral initiation and floral organ development are both  of anther development. We show that miR159 levels are
regulated by the phytohormone gibberellin (GA). For regulated by GA via opposition of DELLA function, and
example, in short-day photoperiods, theéArabidopsisfloral that both the sequence of miR159 and the regulation of
transition is strongly promoted by GA-mediated activation  miR159 levels by DELLA are evolutionarily conserved.
of the floral meristem-identity geneLEAFY. In addition, Finally, we describe the phenotypic consequences of
anther development and pollen microsporogenesis depend transgenic over-expression of miR159. Increased levels
on GA-mediated opposition of the function of specific of miR159 cause a reduction inLEAFY transcript levels,
members of the DELLA family of GA-response repressors. delay flowering in short-day photoperiods, and perturb
We describe the role of a microRNA (miR159) in the anther development. We propose that miR159 is a
regulation of short-day photoperiod flowering time and of  phytohormonally regulated homeostatic modulator of
anther development. MiR159 directs the cleavage of MRNA GAMYB activity, and hence of GAMYB-dependent
encoding GAMYB-related proteins. These proteins are developmental processes.

transcription factors that are thought to be involved in the

GA-promoted activation of LEAFY, and in the regulation Key words: miR159, GAMYB, Flowering, Photoperiod, Anther

Introduction binds specifically to a GA-response element (GARE) in the 5
Gibberellin (GA) promotes a variety of plant developmentalregulatory region of GA-activated genes. Binding of GAMYB

processes by overcoming the repressive effects of the DELL the G.ARE activates the transcription of genes encoding the
proteins, a family of nuclear repressors of GA respons ydrolytic enzymes that release _stored nutrients from the
| Qdosperm during seed germination (Cercos et al., 1999;

(Richards et al., 2001). Recent experiments have indicated th% . .
. . ubler et al., 1999). Expression®@AMYB(the gene encodin
GA overcomes repression by DELLA by targeting the DELLAGAMYB) is tself u)p-regulated by GA (ESubIger ot al. 1993)'

proteins for destruction in the 3@roteasome (Fu et al., 2002, In addition, constitutive expression of GAMYB mimics the

McGinnis et al., 2003; Sasaki et al., 2003). One Consequeng\%tivating effects of GA application on the transcription of

of this is that lack of DELLA proteins can suppress the : ; ;
phenotypic effects of GA deficiency. For example, th genes encoding hydrolytic enzymes, suggesting that GAMYB

Gibberelin-deficenAvabidopsis gal-nutant flowers very Do (PO 102 11 1he B snaling patway n
late in short-day (SD) photoperiods (Wilson et al., 1992; Kingsp, o\, that transgenic overexpression of GAMYB perturbs the
et al,, 2001), and this phenotype is largely suppressgdlin  yeyelopment of anthers, indicating that GAMYB can function
3 mutants that also lack the DELLA proteins GAl and RGA{, celis other than those of the aleurone layer (Murray et al.,
(Dill and Sun, 2001; King et al., 2001; Cheng et al., 2004)2003). Furthermore, loss-of-function mutations in the rice
gal-3mutant flowers also exhibit retarded anther developmeng amys gene have recently been shown to abolish GA-
whilst normal development is restoredgal-3mutants that mediated induction of the aleurone hydrolasamylase, to
lack the DELLA proteins RGA, RGL1 and RGL2 (Cheng etretard the growth and development of stamens and anthers, and
al., 2004). Thus GA regulates floral development in a manngg impair microsporogensis (Kaneko et al., 2004). These latter
analogous to the way in which it promotes growth: thepbservations provide genetic proof of the involvement of
restraining effects of DELLA proteins are overcome by GA,GAMYB in both aleurone physiology and floral organ
most likely via SCF complex E3 ubiquitin ligase-dependentievelopment.
targeting of DELLAs for destruction in the proteasome (Fu et Genes encoding proteins closely related in sequence to the
al., 2002; Sasaki et al., 2003; McGinnis et al., 2003; Harberdharley and rice GAMYB have been identified Anabidopsis
2003). [AtMYB33 AtMYB65 and AtMYB101 (Gocal et al., 2001)].
First identified in barley aleurone cells (Gubler et al., 1995)Amongst these AtGAMYBs, AtMYB33 is the most similar to
GAMYB is a GA-specific transcriptional regulator. GAMYB the barley GAMYB (Gocal et al., 2001). The AtGAMYBs have
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been suggested to be involved in the GA-mediated promotigsiants were grown in a growth cabinet in long days (LDs; 22°C, 16-
of flowering in SDs, by activation of the floral meristem identityhours photoperiod) or in short days (SDs; 22°C, 10-hour photoperiod)
gene LEAFY (Blazquez et al., 1998; Blazquez and Weigel,as indicated. BarleyHordeum vulgarg floral tissues were obtaine_d
2000; Gocal et al., 2001). Activation bEAFYis known to be  from 7-week-old greenhouse-grown plants (16 hour photoperiod).
important in this process because transgenic over-expression@Pacco Nicotiana benthamianaleaves and floral tissues were
LEAFY restores a wild-type flowering time gal-3 plants hﬁrveste(_j from 5-week-old greenhouse-grown plants (16-hour
grown in SDs (Blazquez et al., 1998). AtMYB33 binds in vitroP otoperiod).

to a GARE in theLEAFY promoter (a GARE that has been Plasmids and construction

shown to be essential for GA inductionldfAFY) and fails to The 355:MYC-MYB3Zonstruct contained a copy of t#eMYB33

bind to non-functional mutant derivatives of this element. Thigaccession number AF411969) coding sequence. The cDNA was
suggests that GAMYB plays a key role LiEAFY activation  amplified from total RNA by RT-PCR using gene-specific primers
(Blazquez and Weigel, 2000; Gocal et al., 2001). Another flordAtMYB33 GCATGTTGAGGCACTTGAGTGGAGTC and TCT-
integrator geneSOC1 has recently been shown to play anGGAATCATAACAGGTAATGTCGG) and cloned into the p35S-2
important role in the GA promotion of flowering in SD Vector (P. Mullineaux, John Innes Centre). Three myc epitope tags
photoperiods (Moon et al., 2003), and it has been suggested ti{&e inserted in phase, upstream of HiblYB33 cDNA. After

Igestion, arEcoRV fragment containing the constructi8fS:MYC-
?&'\SYRBAO%?: dsoegtla?OchOSCZ:t' l\J(Esérte:Im gllg(,)AZI;Y(Lee etal, MYB33was inserted into the plant transformation vector pGreen0029

. P. Mullineaux, John Innes Centre). A mutated version of the
~ To further our understanding of the role of the AtGAMYBs,(AtMYB% transgene Cﬂ')S:MYC-mMY|3)33was generated by PCR

in the regulation of floral development we took advantage Ofising the Quick Change XL site-directed mutagenesis kit
the recent identification of a microRNA (miR159) exhibiting (Stratagene). The mutatedMYB33primers used were as follows:
substantial sequence homology with  mMRNAs encodingsGCAGTGAAGCTGGAATTGCCAAGCTTTCAATATTCAGAAA-
AtMYB33, AtMYB65 and AtMYB101 (Gocal et al., 2001; CAAC and GTTGTTTCTGAATATTGAAAGCTTGGCAATTC-
Reinhart et al., 2002). MicroRNAs are single-stranded®AGCTTCACTGCC. The nuclectide sequence of tmé1YB33
RNA molecules of 20-22 nucleotides that can caus&€PNA was as described by Palatnik et al. (Palatnik et al., 2003). The
complementarity-dependent cleavage (e.g. Llave et al., 20023§S:miR159a&onstruct contained a copy of the precursor of miR159

or translational inhibition (Chen, 2004; Aukerman and Sakai> form a (Fig. 1A). A fragment of 228 bp (containing the precursor

f 182 bp) was amplified from genomic DNA by PCR using specific
2003) of target mRNA molecules. More than one hundreqf;e g ?%iR159a:pGAGAAGG%GAAAGAAGA%IGTAGAGC%C%C
distinct small RNAs have been identified in plants, althoug

il g nd CGATAGATCTTGATCTGACGATGGAAG). These primers
only a minority of these are microRNAs (Llave et al., 2002bjyere designed to anneal specifically to genomic DNA on either side
Reinhart et al., 2002). Most of the predicted targets of thess the predicted miR159a hairpin precursor. The amplified fragment
microRNAs are members of transcription factor gene familiesvas then cloned into the p35S-2 vector, andEaoRV fragment
involved in developmental patterning or cell differentiationcontaining the construc5S:miR159awas then inserted into the
(Rhoades et al., 2002; Kidner and Martienssen, 2003). In thR5reen0029 vector. TI#5S:GFPconstruct was made similarly using
paper we describe experiments showing that miR159 direcfaFP-specific primers: CGGCACGACTTCTTCAAGAGCGC and
the cleavage of AtMYB33-encoding transcripts (see aIs@TALTC%AACTTGgGGQCGAGG'fThe res.“"'gg 3C°O”S”“°ts were
Palatnik et al., 2003). We also show that miR159 sequence '[§roduced intoAgrobacterium tumefaciersirain GV3101.
evolutionarily conserved, and that miR159 levels are GAtnfiltration of Agrobacterium tumefaciens — into

regulated via a mechanism that is evolutionarily conservefl. benthamiana

betweenArabidopsisand barley and that is dependent on theagro-infiltration was performed iticotiana benthamianteaves as
GA-promoted opposition of the function of DELLA protein described previously (Llave et al., 200285S:miR159a, 35S:MYC-
GA-response repressors. To further investigate the role ofiyB33, 35S:MYC-mMYB3&nd 35S:GFPwere introduced intcA.
miR159 in vivo, we generated transgenirabidopsis tumefaciensnd the bacteria injected intb benthamiandeaves with
plants over-expressing miR159 and examined the florad syringe. For co-injections of two or three different constructs,

elevated expression of miR159 resulted in a delay in flowering<009 Salts, 5% sucrose, 0.5 g/l Mes) ais6El, and incubated for
hours at room temperature with 1581 acetosyringone. Zones of

:n SIID p?fé%gr{'tods th‘%t ;Nals asig_(t:_lated W'th a reduct|_on |ntt ﬁfiltration were harvested at 4 and 5 days after injection for RNA and
IGVEIS 0 riranscripts. In addition, previous experimen Sprotein isolations. Th85S:GFPconstruct was used as a control for
in barley and rice have identified a role for GAMYB in antherihe ¢o-agro-infiltration.

development (Murray et al., 2003; Kaneko et al., 2004). We

found that elevated levels of miR159 perturbed anthefransformation of Arabidopsis thaliana

development and caused a consequent reduction in floralansformation was performed by floral dipping (Clough and Bent,
fertility. These observations suggest that miR159 modulates998). A. tumefacienscontaining the appropriate constructs were

GA-mediated developmental regulation via its effects orfesuspended in infiltration buffer (&5Murashige and Skoog

GAMYB activity. salts, 5% sucrose, 0.5 g/l Mes, 0.05% Silwet L77) atsdgEl.
Transformants were selected by resistance to 50 mg/l of kanamycin
sulphate. Plants in Fig. 5A-C, Figs 6 and 7 were homozygous for

Materials and methods the 35S:miR159atransgene (7 generation); plants in Fig. 5D,E
i B were from segregating populations (self-pollination progeny of
Plant material and growth conditions 35S:miR159@rimary transformants).

Arabidopsisexperiments used the Landsbergctalaboratory strain . o . .
of Arabidopsis thaliana The gal-3, gaiand gal-3 gai-t6 rga-24  Nucleic acid isolation and blot analysis
mutations were as previously described (Achard et al., 2003). Thiotal RNA was extracted using the Trizol reagent (Gibco-BRL) and
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resuspended in 50% formamide. Low molecular mass and higlomain (Fig. 1C). These proteins also contain three additional
molecular mass RNAs were isolated by three successive precipitatioopenserved motifs (Box 1, Box 2 and Box 3) that are
in PEGoodNaCl as previously described (Hamilton et al., 2002). 20characteristic of GAMYB (Gocal et al., 2001). The zone that
Hg high molecular mass RNA was separated in a 1% denaturing complementary between miR159 and the GAMYB-encoding

agarose gel and subjected to blot-hybridisation analysi ; ;
Radiolabelled probes were prepared from a 200 'lsn@MYB33 ngel(qqlljl:rfcéselr?ccc?c}ﬁ]dg gtc))c))(ué (:I.F(:g ggc):leoudes upstream of the

fragment or from full-length. EAFY, SOCBndELF4aopen reading MicroRNA lat . by directi
frames via random priming reactions (Roche) in the presence of ICro S can regulale gene expression by directing

[a32P]dCTP. 2ug low molecular mass RNA was separated in a 150&leavage or by inhibition of translation of target transcripts
denaturing polyacrylamide gel and subjected to blot-hybridizatiofLlave et al., 2002a; Chen, 2004; Aukerman and Sakai, 2003).
analysis. Small RNA (miR159a: TAGAGCTCCCTTCAATCCA- We tested if miR159 directs the cleavage @AMYBlike
AAGA; miR167: TAGATCATGCTGGCAGCTTCA) probes were MRNAs (see also Palatnik et al., 2003) using an
labelled with T4 kinase (Gibco-BRL) in the presencey8fHJATP.  Agrobacteriummediated delivery system to co-express
Since miR159 hybridises with miR-JAW [a

microRNA that is more divergent from miR159 tl

each of the miR159 isoforms are from each other, A

1A (Palatnik et al., 2003)], it is likely that t miR159 tagagctcccticaatccaaa
miR159a probe used in our experiments hybric ~MiR15% aagagctcccticaatccaaa
with all three isoforms of miR159. Each RNA t  MR15% aggagcteccticaatccaaa
analysis was repeated at least twice. B
Protein isolation and analysis Gene Sequence isaches Fundbn Acces®n
Agro-infiltrated tobacco leaves were harvested
frozen in liquid nitrogen. Total protein was extrac  Arabidopsis thaliana
and quantified as described by Achard et al. (Ac ~ AtMYB33 t ggagctccettca  ttccaa t 3 GAMYB  AF4119%9/ At5g06100
et al., 2003). 2Qug of proteins were separated by 1 AtMYB65 t ggagctcecttca  ttccaa t 3 GAMYB  AF048840 / At3d.1440
SDS-’PAGE and transferred to a nitrocellul AtMYB101 tagagct tccttcaa accaaa 2 GAMYB  AF411970/ At2g32460

: ~ AtMYB104 t ggagctcccttca  ttccaa g 3 MYB U26934 |/ At2g2®50
fmugirgr?r%r;gie:nmrU&JanSOdpeeu:'fgtrlr?]nedOfut;ﬁgMgczgﬂoYol? AtMYB81 tcgagt tcccttca  ttccaa t 4 MYB AF062911/ At2g26960
dilution of anti-cMYC polyclonal antibodies fro  ogeum vulgare
goat (Santa Cruz Biotechnology, CA) and a 2000 HyGAMYB ~ t ggagctcectica  ctccaa g 3 GAMYB  X87690
dilution of peroxidase-conjugated anti-goat
(Santa Cruz Biotechnology, CA). Immunodetec  Oryza sativa
of GFP was performed using a 2500-fold dilutior OsGAMYB  t ggagctccctica  ctccaa g 3 GAMYB X 98355
anti-GFP monoclonal antibodies from mo ]
(Chemicon International, Temecula, CA, USA) a1 Avenasativa
5000-fold dilution of peroxidase-conjugated ¢ AVGAMYB t ggagctcccttca  ctccaa g 3 GAMYB  AJ133638
anti-mouse 1gG (SputhernBiotech). Signals V. Lolium temulentum
detected by chemiluminescence using the LIGAMYB  t ggagctccctica  ctccaa g 3 GAMYB  AF114162
Western Blotting Analysis System (Amersh
Biosciences).

) C
HVGAMYB (1689 nt)
R2R3 Domain ~ Box 1 9610t poy 2 Box 3
Results [ N [T W
MiR159 is a post-transcriptional regulator AMYB33 (1560 nt) 936
of GAMYB — ] - |
MiR159 is a microRNA of 21 nucleotides
length derived from a precursor molecule of AtMYB65 (1689 nt) i97|5 - -
: - — ]

nucleotides (Reinhart et al., 2002).
Arab|dop3|s_ mMiR159 is present in thr AMYB101(1470 nt) 84
isoforms (Fig. 1A). MiR159 sequence is of n I . | H

perfect complementarity to an internal sequ
of five Arabidopsis mMRNAs encoding thre
GAMYB-like proteins (AtMYB33, AtMYBG65
and AtMYB101) and two additional MY
proteins (Fig. 1B). TheArabidopsis miR159
sequence is also closely complementary t
internal sequence of sever@AMYB mMRNAs
from barley Hordeum vulgare; HVGAMY)E
Oryza sativa, Avena sativaand Lolium
temulentum(Fig. 1B). AtMYB33, AtMYB65
and AtMYB101 share substantial homolc
with  HYyGAMYB in an N-terminal regio
corresponding to an R2R3 repeat DNA-binc

miR159targets

miR159a tagagctcccttcaatccaaa

Fig. 1. MiR159 andGAMYBmMRNA target sequences are evolutionarily conserved.

(A) Sequence similarity between thr&ebidopsismiR159 isoforms. The nucleotide
mismatches are in grey. (B) Sequence similarity between miR159a and internal
sequences of putative target genes. Nucleotide mismatches between the internal
sequences and miR159a are in grey, and the total number of mismatches is indicated
after each sequence. Function and accession number for each putative target is
indicated on the right. (C) Location of the complementary sequence beB#dé¥B

genes and miR159. Regions of similarity betwAeabidopsisandH. vulgare GAMYB
genes are shown in black. The region of sequence that is complementary between
miR159a and th&AMYBgenes is shown in grey.
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miR159 andMYB33target mRNA inN. benthamiandeaf Subsequently, we tested whether miR159 causes a reduction
tissue (Llave et al., 2002a) (Fig. 2). Four constructsn the level of MYC-MYB33 fusion protein (Fig. 2C). A
(35S:miR159a 35S:MYC-MYB33 35S:MYC-mMYB33and  peptide of ~83 kDa was recognised by MYC antibodies in a
35S:GFB were inoculated and expressed (Fig. 2A). Whilstsample from leaves expressi8§S:MYC-MYB3dut not in a
basal levels of endogenous miR159 were detected in tissusample co-expressin@5S:miR159aand 35S:MYC-MYB33
lacking the35S:miR159a&onstruct, increased levels of miR159 (Fig. 2C). This peptide was of the size expected for the MYC-
were detected in tobacco leaves inoculated with this1YB33 fusion protein encoded B5S:MYC-MYB33Taken
construct, indicating that over-expression and processing abgether, these RNA gel-blot and immunoblot analyses indicate
transgenically derived miR159a was successfully achievethat miR159 can direct the cleavage of transcripts encoding
(Fig. 2B). Expression of the85S:MYC-MYB33construct GAMYB, thus down-regulating GAMYB levels.

resulted in detectable levelsidy C-MYB33ranscripts 1Y C- ) . ] )

MYB333a Fig. 2B). Co-expression &5S:MYC-MYB33vith MiR159 is an evolutionarily conserved sequence
35S:miR159aesulted in loss of the full lenglYC-MYB33a We next investigated the distribution of miR159 in
transcript form, and the appearance of detectable levels of Aaabidopsis tobacco Nicotiana benthamiarjaand barley. In
smaller transcripty-MYB33H that hybridized to th&1YB33  Arabidopsis miR159 accumulated predominantly in young
probe (a 3probe fragment, see Materials and methods; Figseedlings and flowers, was less abundant in rosette leaves,
2B). We attribute this smaller fragment to internal cleavage ofauline leaves or siliques, and was undetectable in roots
the MYC-MYB33mRNA directed by miR159 (as previously (Fig. 3). Interestingly, miR159 was also clearly detectable in
suggested by '5RACE-PCR experiments; Palatnik et al., tobacco and barley. As iArabidopsis miR159 accumulated
2003). Consistent with this attribution, co-expression ofpredominantly in the inflorescence and floral tissues in these
35S:MYC-mMYB3gncoding aMYC-mMYB33ranscript that  species (Fig. 3). These observations indicate that the sequence
carries an altered miR159 binding site; see Materials anand developmental regulation of miR159 is highly conserved,
methods) with35S:miR159aesulted in detectable transcripts despite the considerable evolutionary distance that separates

of theMYC-MYB33sasize, but not of th&-MYB33bsize. Arabidopsis tobacco and barley from their last common
ancestor.
A GA enhances miR159 levels by opposing DELLA
—| 358 H.m'(?l MYB33 H.\'OS:erl— 35S MYC-MYB33 function
—{ 3ss Hure] mrsss Haosier|— sssarcmarsss Since GAMYB functions in GA-mediated gene regulation, we
next investigated the possibility that GA might itself regulate
—{ 355 H miRisva  HNOSerl—  3ssmirisoa miR159 levels. Thérabidopsis gal-3nutant is GA deficient
and exhibits a dwarf, dark-green phenotype (Koornneef and
— 355 H GFP Hyoser|—  sss.grp van der Veen, 1980; King et al., 2001). MiR159 was less
B C abundant in flowers afal-3than in wild-type flowers (Fig.
et o sl 4A). MiR159 levels in GA-treatedal-3plants were similar
Wi T =i i to those in GA-treated wild-type plants, and higher than in
k£ e AR T untreated wild-type controls (Fig. 4A). These data indicate that
MYC-MYB33> iy -63kDs miR159 levels are GA regulated.
MYC-MYB33ap W AMIC-mMYB33 ax : GA-regulated processes are usually controlled via the effects
, GFP @i - 27 D of GA on DELLA protein function (Richards et al., 2001). In

many cases, DELLA proteins act as repressors of GA-
response, and GA acts by targeting the DELLA proteins for
3 MYB33bW - destruction in the proteasome (Fu et al., 2002). We therefore
tested whether GA enhances miR159 levels by overcoming the

miR155 .~ - @
crr N & Arabidopsis N. Benth. H. vulgare

. . : . & & $ ¥
Fig. 2. MiR159 directs the cleavage bFYB33transcripts and o ,gs} & & ¢ & F K
regulates MYB33 levels. (A) Constructs specifying miR139¥C- & ﬁ? F ¥y & v & 5858

3 &g & F & F R ) él

MYB33andMYC-mMYB33RNAs and driven by the 35S promoter.
35S:GFPwas used as control for co-Agro-inoculation. (B) RNA gel- .
blot analysis of miR153/1YC-MYB33andMYC-mMYB3RNA 2m- W w miR159
forms (full lengthMYC-MYB33aand cleave@®'-MYB33btranscripts) i
in N. benthamianéeaves co-Agro-inoculated with different EEEEE R 5S rRNA

combinations 0B5S:miR159a35S:MYC-MYB3335S:MYC-

mMYB33and35S:GFPas indicated. (C) Immunoblot analysis of Fig. 3.MiR159 levels vary in different tissues. RNA gel-blot analysis
total proteins (2Qug) fromN. benthamianéeaves co-Agro- of miR159 fromArabidopsisroot, 5 day-old seedling, rosette leaf,
inoculated as in B. Goat anti-myc antiserum and a peroxidase- cauline leaf, flower and silique tissuék;benthamianeaf and
conjugated anti-goat IgG were used as primary and secondary flower tissues; barleyHordeum vulgargleaf, apical shoot and green
antibodies, respectively. The lower panel shows a GFP immunoblot spike (inflorescence) tissues. 5S rRNA was used as RNA control
using the same extracts (loading control). (shown in ethidium bromide-stained gel).
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A B Exogenous GA enhances MYB33 transcript levels
-GA GA We al d the levels BYB33 transcripts in th
H. vulgare e also compared the levels _ ranscripts in the
&,@ .f & Arabidopsis GA-signalling mutant linesMYB33 transcript
& & 4

% o levels were not substantially different in wild typm1-3 gai
§ & Oy & &Ly & or gal-3 gai-t6 rga-24(grown in the absence of exogenous
£ESEgaT e 2 GA; Fig. 4A). However, MYB33 transcript levels were
consistently higher in all of these genotypes when grown in the
- - miR159 presence of exogenous GA (Fig. 4A). Sind¥B33is the
target of miR159, it might have been expected that there would
B 5 rRNA be an inverse correlation between miRNA aMyB33

e e . e g RIS

.---..--miRlﬁ?

. transcript levels. Yet whilst miR159 levels were reduced in
-se-od gal-3(and restored by GA or lack of GAI and RGA) there
were no detectable differencesMiYB33transcript levels in
- ey soC! these various mutant lines. This apparent paradox is considered

further in the Discussion.

e s
MiR159 level modulates photoperiodic control of the

Fig. 4. GA regulates miR159 levels via the DELLA-dependent GA floral transition

signalling pathway. (A) RNA gel-blot analysis of miR188YB33 Recent studies suggest that GA might regulate flowering via
a{;ﬁf%&/ﬂ?ﬂ"‘l’gg'%%e éVE/LTI%’)gi%"tﬁsl’r:’;i';?]%zl(fg:)"ﬁ :ft: g:ce GAMYB-dependent activation of the floral meristem identity
P 9 gcay P geneLEAFY (Blazquez and Weigel, 2000; Gocal et al., 2001)

(—=GA) of gibberellin (10QuM GA3 sprayed twice per week). The . -
blots were stripped and re-analysed with miR167Eiid4aprobes N Arabidopsis the GA pathway has a stronger effect on

(RNA controls). (B) RNA gel-blot analysis of miR159 levels in wild- flowering in SD than it does in LD photoperiods (Wilson et al.,
type andsinl-dwarfmutant barleyKordeum vulgare 5S rRNAwas ~ 1992; Mouradov et al., 2002; Moon et al., 2003). We therefore
used as RNA control. investigated the effect of elevated expression of miR159 on
flowering time in SDs. Four-week-old SD-grown transgenic
plants  over-expressing miR159a  (homozygous for
effects of DELLA proteins. Firstly, we found that the level of 35S:miR159phad leaves that were smaller and rounder than
miR159 was reduced igai mutant plants (Fig. 4A). Thgai  wild-type control plants (Fig. 5A). In addition, SD-grown
mutant shares many phenotypic characteristics wéth-3 35S:miR159glants exhibited a delay in flowering time (Fig.
except that thgai phenotype cannot be restored to normal with5B). Wild-type plants bolted then flowered at day 39 (+1.12)
GA (Koornneef et al., 1985; Peng et al., 199#&).encodes a whereas transgenic plants flowered at day 53 (+4.66) (Fig. 5C).
dominant altered-function mutant GAI protein (gai) that isA delay in flowering time (of varying severity) was observed in
resistant to the opposing effects of GA and confers a reducgdants of ten additional independent transgenic lines (each
GA response (Peng et al.,, 1997; Richards et al., 2001homozygous for35S:miR159p and was heritable in the
Consistent with this we found that the reduced miR159 levelgrogeny of these plants (data not showB5S:miR159a
in gai were not restored to normal by GA. Secondly, wehomozygotes also produced more rosette leaves than did wild-
investigated the effect of lack of the DELLA proteins GAl andtype controls when grown in SDs (37+£2.63 against 23+2.38
RGA on miR159 levels igal-3 Previous experiments have for wild type; Fig. 5C). In LD photoperiods the effect of
shown that various aspects of tlyml-3 phenotype are 35S:miR159avas much less thanin SDs, with LD-grown plants
suppressed in plants lacking GAlI and RGA (Dill and Sunpver-expressing miR159a flowering at approximately the same
2001; King et al., 2001; Fu and Harberd, 2003; Cheng et atime as wild-type plants (actually 1 day later; data not shown).
2004). We found thagal-3plants lacking GAl and RGAgal- In subsequent experiments, segregation of the late-flowering
3 gai-t6 rga-24 had miR159 levels that were not detectablyphenotype was followed in two independent transgenic families
different from those of wild-type plants (Fig. 4A). Taken that were segregating f86S:miR159a0nly those plants over-
together, these observations indicate that the DELLA proteinsxpressing miR159a exhibited late flowering in SDs, whilst
GAl and RGA repress miR159 levels, and that GA promotesegregants expressing normal levels of miR159 flowered at the
miR159 levels by overcoming DELLA-mediated repression. same time as non-transgenic wild-type controls (Fig. 5D). We
We next compared the regulation of miR159 level innext determined the levels bfYB33transcripts, the targets of
Arabidopsiswith its regulation in barley. BarleyLNlencodes miR159, in these plantd1YB33transcripts were detected at
a DELLA protein (Chandler et al., 2002; Fu et al., 2002), andubstantially reduced levels in plants over-expressing miR159a
the dominant dwarfinglnl-dwarf allele encodes a mutant (and exhibiting a late flowering phenotype), but were not
protein that is altered in the highly conserved DELLA domairreduced in segregating plants that expressed normal levels of
(X. Fu, D. E. Richards and N.P.H., unpublished) (see also PemgiR159 (Fig. 5E). In addition, the patternhdf B33transcript
et al., 1999; Chandler et al., 2002; Itoh et al., 2002). The effeeiccumulation correlated with thatldEAFYtranscriptsLEAFY
of this mutation is analogous to that of tAeabidopsis gai transcript levels were reduced in SD-gro@5S:miR159a
allele. We found that miR159 levels were reducedsliml-  plants, but not in segregants expressing normal levels of
dwarf compared tdSLN barley (Fig. 4B). Thus, GA-DELLA miR159 (Fig. 5E). Taken together, these observations suggest
system regulation of miR159 levels is evolutionarily conservedhat miR159 directs the cleavageM¥B33transcripts, that the
across the divided lineage that separadeabidopsisand  resultant reduction in MYB33 level reduceEAFY activity,
barley. and that the reduction ILEAFY activity delays SD flowering.
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358 miR1359 Fig. 5. Overexpression of miR159a delays the
floral transition in short days (SDs). (A) wild-
type (WT) and35S:miR159d0mozygotes

grown for 4 weeks in SDs. The arrow indicates a
new rosette leaf. (B) WT ar86S:miR159a
homozygotes grown for 6 weeks in short days.
(C) Means of the number of total leaves
produced before flowering (nb), and of the
number of days to flower in SD conditions
(s.e.;n>10), are shown. Wild type, light grey
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Recent experiments have shown tI®RIWPPRESOR OF Kaneko et al., 2004). We next investigated the possible role of
OVEREXPRESSION OF CQOS8O0C) is also an important miR159 in anther development. LD-grow85S:miR159a
component of the GA-dependent flowering pathway and thatomozygotes had smaller cauline leaves than wild-type
integration viaSOC1is necessary for flowering in SDs (Moon controls (Fig. 6A). In additiorB5S:miR159alants had short,
et al.,, 2003). We therefore investigated the relationshipsterile siliques (Fig. 6C,DB5S:miR159ailiques were ~40%
between the GA-DELLA system, miR199)YB33andSOC1  of the length of wild-type siliques and contained no seeds (Fig.
To begin with, we tested whether the DELLA proteins GAl andB; eventually a few fertile siligues were obtained in some
RGA regulateSOC1lexpressionSOC1transcripts were less plants). In other respects the developmenB5$:miR159a
abundant in GA-deficiemtal-3plants than in wild-type plants. homozygotes was indistinguishable from that of wild type.

In contrast, similar levels ddOC1transcripts were observed In order to determine the cause of the infertility, the floral
in wild-type andgal-3plants treated with exogenous GA (Fig. development 0f35S:miR159ahomozygotes was compared
4A) (see also Moon et al.,, 2003). Two further observationsvith that of wild-type controls. Except for the anthers, the
indicated that GA regulateSOCL1 transcript levels via floral organs of 35S:miR159aplants appeared relatively
opposition of DELLA repression. Firs$OC1transcript levels normal. However, the increase in miR159 levels (and decrease
were reduced igai mutant plants (compared to wild type) andin MYB33 transcript levels; Fig. 6E) characteristic of
not restored to wild-type levels by exogenous GA (Fig. 4A)35S:miR159plants was associated with a progressive increase
Thus the constitutively repressing mutant gai protein confersia the size of anthers, and with a darkening of anther colour
reduction inSOCltranscript levels. SecondIgOCitranscript  (Fig. 7A-D). In addition, the35S:miR159aanthers failed to
levels ingal-3plants lacking GAlI and RGAg@1-3 gai-t6 rga- release pollen (Fig. 7D). Since seed-bearing siliques were
24) were little different to those in wild-type plants (Fig. 4A). recovered following cross-fertilization @&5S:miR159%awith
Thus lack of GAI and RGA suppressed the effeqjaif-3on  wild-type pollen (data not shown) it was clear that the
SOC1transcript levels, indicating that GA regulat8®©C1 infertility of the 35S:miR159glants was due to male sterility
levels (and thus flowering time in SD) by opposition of GAlresulting from failure to release pollen. The anther phenotype
and RGA function. characteristic of the85S:miR159aplants was visible from

How does GA-pathway regulation of SD flowering viafloral developmental stage 10 (Fig. 7E) and was clear until
SOC1 relate to GA-pathway regulation of flowering via stage 12 (Fig. 7F). Subsequently, the anthers became
miR159MYB3® To answer this question we determinedincreasingly dark in colour (Fig. 7B,D). The final stamen
SOC1transcript levels in plants from a family segregating forlengths in wild-type and 35S:miR159a flowers were
35S:miR159al ate flowering plants contain@DCltranscript  indistinguishable (data not shown).
levels that were similar to those of non-transgenic wild-type
plants (Fig. 5E). Thus an increase in miR159 level has nB. .
downstream effect o8OC1transcript levels, demonstrating ISCussion
that the SOCt and miR159YB33dependent signalling Although the recent discoveries of small RNA species in the
pathways through which GA regulates flowering in SD actells of diverse organisms have generated much excitement,

independently of one another. there are still relatively few cases where small RNAs have been
) definitively linked to specific plant developmental functions
Elevated miR159 levels affect anther development (Chen, 2004; Aukerman and Sakai, 2003; Emery et al., 2003;

GA and GAMYB are known to be involved in the regulationPalatnik et al., 2003). In this paper we describe experiments
of anther development (Murray et al., 2003; Cheng et al., 2004lesigned to investigate the developmental function of miR159.
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Fig. 6.35S:miR159lants have reduced fertility. (A) Wild type and
35S:miR159d&0mozygotes grown for 4 weeks in a LD photoperiod
(16 hours light). The arrows indicate the two last cauline leaves
formed. (B) Siliques of wild type ar@6S:miR159d0mozygotes.
Scale bar: 3 mm. (C) Wild-type inflorescence. (D) Inflorescence of
35S:miR1594&0mozygote. (E) RNA gel-blot analysis of miR159
andMYB33from wild-type and35S:miR159dlowers.

Fig. 7.Overexpression of miR159a affects anther development.
(A,C) Wild-type flowers. (B,D) Flowers (#5S:miR159a
homozygotes. (E) Anthers from wild-type aBBiS:miR159a
homozygote [taken from flowers at floral development stage 10
(Cheng et al., 2004)]. (F) Anthers from wild-type &%5:miR159a
homozygotes (from flowers at floral development stage 12). Scale
bars: A, B, 1 mm; C, D, 500m; E, 50um; F, 100um.
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Our initial interest in miR159 was stimulated by its
complementarity with a short region of transcripts encoding
proteins of the GAMYB class (Rhoades et al., 2002; Park et
al., 2002). The specific function of GAMYB proteins in various
aspects of developmental regulation by the phytohormone GA
led us to develop the hypothesis that miR159 might also
function in GA-regulated developmental processes.

On the basis of the sequence complementarity between
miR159 and transcripts encoding GAMYB proteins, it seemed
possible that miR159 might direct the cleavage of these
transcripts. We tested this possibility, and found that expression
of miR159 inN. benthamianaauses a reduction in the level
of intactMYB33transcripts and of detectable MYB33 protein.
In addition, expression of miR159 failed to reduce the level of
mutantMYB33transcripts fiMYB33 carrying an alteration in
the miR159 complementary region. These results are
consistent with the previous observation tih&v¥B33 and
MYBG65 transcripts are cleaved irabidopsisplants in the
centre of the miR159 binding site (Palatnik et al., 2003).
Furthermore, whereas overexpression M¥B33 has no
obvious effect on development Arabidopsis overexpression
of miR159-resistantmMYB33 transcripts confers dramatic
developmental perturbations [e.g. curly leaves (Palatnik et al.,
2003)]. These results indicate that miR159-directed cleavage
of MYB33(and other GAMYB-encoding transcripts) (Palatnik
et al., 2003) is developmentally relevant. However, it is also
possible that miR159 influences development via inhibition of
translation of GAMYB-encoding transcripts.

We next investigated the levels of miR159Ambidopsis
and barley GA-signalling mutant lines. We found that the
accumulation of miR159 was positively regulated by GA, and
negatively regulated by DELLA proteins (GAI and RGA in
Arabidopsis SLN in barley; Fig. 4). Therefore GA regulates
miR159 accumulation via an evolutionarily conserved
mechanism that involves opposition of DELLA function.
Recent advances have shown that the DELLA proteins,
although originally identified as components of the GA
signalling pathway, also mediate auxin and ethylene responses
(Achard et al., 2003; Fu and Harberd, 2003). Thus DELLA
proteins may serve as a means of regulating miR159 levels in
response to multiple hormonal signalling inputs. Although it
has recently been shown that specific miRNA levels are
hormonally regulated iDrosophila(Bashirullah et al., 2003),
our results are, to our knowledge, the first demonstration of
hormonal regulation of microRNA levels in plants.

Since GAMYB has been previously implicated in the
regulation of flowering time in SDs iArabidopsis(Blazquez
et al.,, 1998; Blazquez and Weigel, 2000) and of anther
development in barley and in rice (Murray et al., 2003; Kaneko
et al., 2004), we determined if transgenic alteration in miR159
levels would perturb these developmental aspects. The timing
of the floral transition is of considerable adaptive significance,
and hence is subject to multiple interdependent genetic and
environmental controls (Mouradov et al., 2002). Genetic and
molecular analyses have identified three distinct genetic
floral promotive pathways: the photoperiod pathway, the
autonomous pathway and the GA pathway; the latter being of
particular prominence in SD photoperiods (Simpson and Dean,
2003). Previous data suggested that the GA pathway promotes
flowering in SD via GAMYB-dependent activation of the
floral meristem identity geneEAFY (Blazquez et al., 1998;
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Blazquez and Weigel, 2000). Consistent with these ideas, wveeems puzzling, since tleepriori expectation would be that
found that transgenic overexpression of miR159a resulted inan increased level of miR159 should result in a reduction in
reduction in the levels d/1YB33and of LEAFY transcripts, MYB33transcript levels. However, the levels of another plant
and a specific delay in flowering in SDs. Despite causing sevemicroRNA, miR39, actually display a positive correlation
developmental perturbations at the vegetative rosette stageather than the expected negative correlation) with the levels
expression of miR159-resistantMYB33transcripts had no of its cleavage target (Llave et al., 2002a). These unexpected
dramatic effect on flowering time in SDs (J. Palatnik and Drelationships between microRNA and target transcript levels
Weigel, personal communication). Similarly, treatment of SD-may result from a failure of gel-blot analyses to reveal
grown wild-type plants with GA promotes flowering time by underlying heterogeneities in the relative cell-specific
only a few days (P.A. and N.P.H.; data not shown). Thus, idistributions of microRNAs and their targets, or may reveal a
SD conditions, flowering time is at most slightly advanced bynomeostatic component of microRNA function.

increases in MYB33 activity (due tmMYB33transcripts or Recent results indicate that miRNAs can work as
GA treatment) but is markedly delayed by decreases inomponents in negative feedback regulatory loops (Xie et al.,
MYB33 activity (due to overexpression of miR159a). 2003). It is therefore possible that miR159 acts within such a

The GA-deficiengal-3mutant also either fails to flower or loop, as a general homeostatic regulator of GAMYB function.
flowers very late in SD photoperiods (Wilson et al., 1992). YeAn illustrative example (Fig. 8) of how such feedback might
the gal-3 mutant contains reduced, rather than increasedyperate could involve down-regulation of MYB33 activity by
levels of miR159 (Fig. 4A). Thus increased levels of mil59miR159 (as shown in this paper), and compensatory up-
cannot contribute to the late flowering gbl1-3 in SD  regulation of mMiR159 by MYB33. Indeed, potential GARE-like
photoperiods. Our experiments further investigated theites have been identified in the putative promoter of the
relationship between GA regulation of SD flowering andmiR159 precursor-encoding gene, suggesting the possibility of
miR159 by looking at levels of transcripts encoding the florafeedback regulation of miR159 by MYB33 (P.A. and N.P.H.,
integrator SOC1. GA regulates SD flowering time both viadata not shown).
the GAMYB-LEAFY pathway, and via regulation SOC1 Of course the above hypothetical example is but one possible
expression (Fig. 8) (Moon et al, 2003). We thereforeoute for regulation of levels of MYB33 activity, and concerns
investigated the effect of GA-DELLA signalling, and of miR159 and MYB33 in isolation. The miR159/MYB33 system
overexpression of miR159a, dOC1transcript levels. We is also subject to DELLA-dependent regulation. In this case,
showed that GA regulat&&OC1ltranscript levels by opposing the fact thatMYB33transcript levels are indistinguishable in
the negative effects of GAl and RGA (Fig. 4A). We alsogal-3compared withgal-3 gai-t6 rga-24ould be explained
showed that transgenic overexpression of miR159a had rnb absence of GAI and RGA increases boiYB33
detectable effect o8BOCtranscript levels (Fig. 5E). Thus GA transcription and miR159 levels. Larger-scale changes to the
regulatesSOC1lvia a DELLA-opposition-dependent pathway system (e.g. transgenic overexpression of miR159a) break
that does not involve GAMYB (or miR159). It seems probabléehomeostatic regulation oMYB33 levels and result in
that SD-growngal-3 plants flower late (although miR159 detectable changes in phenotype (delayed flowering in SD,
levels are reduced) because the reductid®O 1transcripts, perturbed anther development). We therefore propose that
also seen imgal-3, overcomes any promotion of flowering miR159 acts as a homeostatic regulator of GAMYB
resulting from miR159 reductions. function in GA-regulated plant development. Despite these

We also found that transgenic overexpression of miR159eomplexities, the strong evolutionary conservation of both
caused the formation of abnormal, sterile anthers. In particulasequence and phytohormonal regulation of miR159 suggests
increased levels of miR159 caused an increase in anther sizeéhat this microRNA is of adaptive significance to the growth
darkening of anthers and a failure to release pollen. Thesand development of many plant species.
observations are of particular interest since, in barley, increased
expression of HyGAMYB has some opposite effects on anthe
development. Whilst barley plants overexpressivizGAMYB SOC1
are also pollen-sterile, these plants have anthers of decreased
and lightened colour (Murray et al., 2003). In rice, lack

of GAMYB also perturbs stamen and anther developmer GA—DELLA—]|GAMYB —>»LEAFY — Flowering
(Kaneko et al., 2004). Taken together, these various observatic
suggest that a modulation in GAMYB levels causes a defect i \/ // \
anther development and a consequent reduction in floral fertilit miR159

Overall, the results obtained from our transgenic
overexpression experiments support the view that miR159 acFig. 8. The GA-DELLA signalling system regulates floral
in GA signalling to regulate GAMYB activity, presumably development by modulation of miR159/GAMYB and SOC1.
through its ability to direct the cleavage of mRNA moIecuIesgghs&?g;éﬁgaisagt?ﬁg%‘: g‘é[ﬁg”;%f;lggtgz tf:]?/; Z;trgrfltlon in
encoding GAMYB proteins. However, our experiments alsc>- > :
reveal agcomplexity?n the relationship betweeanA signallingre“eves the DELLA repression of GAMYB (e.g. MYB33) and SOC1

. . and enhances activity of the downstream floral meristem identity
miR159 and GAMYB levels. The levels bfYB33transcripts geneLEAFY. This activation is moderated by the GA activation of

do not obviously differ between wild-type, GA-deficiegal-  miR159, a post-transcriptional regulator@AMY Btranscript levels.

3) or GA-deficient plants lacking GAl and RGAa1-3 ga-t6  This GA-dependent homeostatic mechanism provides sensitive
rga-24), despite the fact that miR159 levels vary between thesregulation of the floral transition in SDs and anther development via
different genotypes (Fig. 4A). At first sight this observationthe regulation of GAMYB levels.

Anther development
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