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SUMMARY

The Arabidopsisfloral regulatory genesAPETALA3 (AP3J) hybridizations indicate that ASK1regulates earlyAP3 and
and PISTILLATA (Pl) are required for the B function Pl expression. These results support the idea that UFO and
according to the ABC model for floral organ identity. AP3 ~ ASK1 together positively regulateAP3 and PI expression.
and PI expression are positively regulated by thé EAFY ~ We propose that the UFO and ASK1 proteins are
(LFY) and UNUSUAL FLORAL ORGANS (UFO) genes. components of a ubiquitin ligase that mediates the
UFO encodes an F-box protein, and we have shown proteolysis of a repressor ofAP3 and Pl expression. Our
previously that UFO genetically interacts with the ASK1  genetic studies also indicate thaASK1and UFO play a role
gene encoding a SKP1 homologue; both the F-box in regulating the number of floral organ primordia, and we
containing protein and SKP1 are subunits of ubiquitin  discuss possible mechanisms for such a regulation.
ligases. We show here that thask1-1mutation can enhance

the floral phenotypes of weaklfy and ap3 mutants;

therefore, like UFO, ASK1also interacts withLFY and AP3  Key words:ASK, Floral organ identity, EAFY, AP3 PI, Gene
genetically. Furthermore, our results from RNA in situ  regulation

INTRODUCTION ORGANS (UFO), also plays a role in controlling floral
meristem development and the B function (Levin and
Genetic and molecular studiesArabidopsisandAntirrhinum  Meyerowitz, 1995; Wilkinson and Haughn, 1995; Samach et
have led to the proposal of the ABC model for control of florakl., 1999). Moreover, the activation AP3expression by FY
organ identity (Haughn and Somerville, 1988; Coen andequiresUFO (Lee et al., 1997; Parcy et al., 1998), although
Meyerowitz, 1991; Meyerowitz et al., 1991; Ma, 1994; Weigelhow UFO interacts withLFY is not known. TheSUPERMAN
and Meyerowitz, 1994; Yanofsky, 1995; Ma and dePamphilisgSUP, or FLO10 gene can also regulate B function in
2000). Particularly, theArabidopsis B function genes Arabidopsisand is expressed shortly after the onsétR8and
APETALA3AP3) andPISTILLATA(PI) are required to specify Pl expression (Schultz et al., 1991; Bowman et al., 1992; Sakai
petal and stamen identities (Bowman et al., 1989; Hill an@t al., 1995; Jacobsen and Meyerowitz, 1997; Sakai et al.,
Lord, 1989; Jack et al., 1992; Goto and Meyerowitz, 1994)2000). In additionAP3andPI are expressed ectopically in the
Both AP3andPI are expressed in specific regions of the florasupmutant floral meristems (Bowman et al., 1992; Sakai et al.,
meristem prior to the initiation of petal and stamen primordid995). These observations led to the hypothesissStti&tacts
(Jack et al., 1992; Goto and Meyerowitz, 1994) at stage 3 ¢d maintain the boundary between whorl 3 and 4, possibly by
Arabidopsisflower development (Smyth et al., 1990). Thecontrolling differential cell division in different domains of the
stable spatial pattern o&kP3 and Pl expression is directly floral meristems (Sakai et al., 1995; Sakai et al., 2000).
correlated with the control of organ identity, as further The cell division cycle is regulated by both the synthesis and
supported by the fact that ectopic expression of B&Band  degradation of key regulatory proteins. Proteolysis is essential
Pl leads to the formation of ectopic petals and stamens (Jaétr many normal cellular functions, but its role in plant
et al., 1994; Krizek and Meyerowitz, 1996). development is not clear. A major pathway for protein
TheArabidopsidloral meristem identity geneEAFY (LFY) degradation is the ubiquitin-dependent pathway by the 26S
is required for normal levels éfP3andPI expression (Weigel proteosome (Ciechanover et al., 2000). Ubiquitin is a highly
and Meyerowitz, 1993), consistent with the lack of petals andonserved small protein that is covalently attached to proteins
stamens in severly mutants (Schultz and Haughn, 1991;through a three-step process requiring the E1, E2, and E3
Huala and Sussex, 1992; Weigel et al., 1992). However, floweenzymes (Jentsch and Pyrowolakis, 2000). Whereas the E1 and
of weaklfy mutants, such dfy-5, can still produce petals and E2 enzymes are rather non-specific, the E3 ubiquitin ligase
stamens. AnotherArabidopsis gene, UNUSUAL FLORAL confers substrate specificity. The SCF E3 ubiquitin ligase
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complexes are named after the three subunK®1S$ aillin self-pollination of either homozygous (e.gfo-2) or heterozygous
(CDC53 in yeast), and one of thebBx containing proteins, (e.g.,ap3-3+) plants. To construct double and triple mutants, the male
which are the substrate specificity factors (Feldman et alsterile and female fertilask1-1mutant (Yang et al., 1999) was used
1997; Skowyra et al., 1997; Peters, 1998; Craig and TyerdS the fem_ale in crosses whenever possible. For crosseap8ith
1999). The yeasBKP1gene is essential for the mitotic cell @P3-3 orpi-1, pollen fromaskl-1+ heterozygous plants was used.
cycle (Bai et al., 1996: Connelly and Hieter, 1996). We had previously generated partially fertiiéo-2ufo-2 ask1-1+

- . . . plants (Zhao et al., 1999), which were used as male for crosses to
TheArabidopsisUFO protein (Ingram et al., 1995) contains enerate triple mutants witp3-3 and pi-1 mutations. In addition,

an F-box, suggesting that it may be a subunit of a SCF ubiquit{l}y-zufo-2 ask1-1/ask1-plants were pollinated with pollen from
ligase. Furthermore, UFO and Astirrhinumhomologue FIM  syp-1 Ify-5, orIfy-6/+ plants to generate tiseip-1 ufo-2Ify-5 ufo-2

have been found using yeast two-hybrid assays to interact withdIfy-6 ufo-2double mutants and the triple mutants. &kk1-1 Ds
homologues of the yeast and human SKP1 proteins, includirigsertion confers kanamycin resistance, allowing the selection on MS
the Arabidopsis ASKlgene product (Ingram et al., 1997; kanamycin plates for double heterozygouspkants from crosses
Samach et al., 1999ASK1was shown to be expressed in usingaskl-1+ plants. For crosses willy-6/+, F2seeds from multiple
(Porat et al., 1998), consistent with a potential role in cel?'gge'enrgr%?ts' All Eplants that were doubly or triply heterozygous
Q'V'S'qn' We have_ previously isolated a male-sterile transposo\ﬁ The ask1-1mutant has a shorter stature than normal (Zhao et al.,
insertion,ask1-1 in theASKlgene (Yang e.t al., 1999).‘ The 999); this characteristic is unigue among the mutants studied here
askl-1 mutant also has mild defects during vegetative and,q was used to identify candidatsk1-1homozygous plants. The
reproductive development (Zhao et al., 1999). Furthermoreski-imutant has many morphologically normal flowers and can be
someask1-Iflowers exhibit abnormality in petals and stamenseasily distinguished from thep3-1 ap3-3 pi-1, sup-1 and Ify-6
including reduced number and size of petals and reducedutants; furthermoresup-1is male fertile but usually female sterile.
stamen filament lengths, suggesting a weak defect in Bheufo-2 ufo-6 andify-5 mutants also have mild floral phenotypes,
function (Zhao et al., 1999). We further showed tk@Kland butare male and female fertile, are of normal height and lack normal
UFO interact genetically with each other, consistent with thdlowers, unlike as.kll-l pllants. Therefore, all known sm.gle.floral
observed interaction using the yeast two-hybrid methodutants can be distinguished frask1-1based on a combination of

: t stature, floral morphology and fertility. Furthermore, AlSK1
(Samach et al., 1999). These results support the hypothesis tg le was confirmed by a PCR product usingAi 1gene-specific

UFO and ASK1 may be subunits of a SCF ubiquitin ligaseyiners oMC221 (SAAG GTG ATC GAG TAT TGC AAG AG-3)
required for normal Arabidopsis flower development, 5n4 oMmC 383 (SGAA GAT AGT CAT GAT TCA TGA AG-3); the
particular for regulating B functions. askl1-1mutant allele was verified by the oMC221 primer andke
To further investigate the function oASK1 we have specific primer Ds 5-2 (BGT TCC GTT TTC GTT TTT TAC C-
constructed additional double and triple mutants betwaskh  3).
and other mutations, includingfo, ap3 pi, sup andlfy. Our The double mutants witlaskl-1 and another mutation were
results support the idea that ASK1 interacts with UFO tddentified using phenotypes and PCR tests for eAlS#1or ask1-1
regulate B function gene&P3 andPI. To more directly test alleles. For example, among thedfants from the cross betweap3-
this idea, we have performed RNA in situ hybridization3.a”d theaskl1-1+ heterozygote, in addition to tlaskl-;andapS-S
experiments and found that indegsklmutation can cause a single mutants, a rare class of mutants prodaEi3like flowers

. . ; and was as short askl-1single mutant. These candidate double
reduction ofAP3andPI expression wheFY gene function utant plants were confirmed to be homozygous foasé-1allele

is reduced by a weak mutation. We propose that ASK1 angl, pcr. Thepi-1 askl-1and Ify-6 askl-ldouble mutants were
UFO together controRP3 and Pl expression via a negative similarly identified. Theap3-1 ask1-handify-5 ask1-Idouble mutants
regulator of these genes. In addition, we describe resuligere more easily recognized because they had more severe floral
indicating a role forASK1in regulating the number of floral phenotypes than either single mutant of the respective crosses.
organ primordia, and discuss their implications. Additional Ify-5 askl-1plants were obtained from progeny lbf-
5/Ify-5 ask1-1+ plants. Thesup-1 ask1l-Houble mutant had abnormal
carpels, similar tsup-1 at the same timét was also male sterile as
isask1-1 These double mutants were nevertheless confirmed by using

MATERIALS AND METHODS PCR. Statistical analyses indicate that the segregation data can be
) N accepted according 1 tests (Table 1).
Plant materials and growth conditions To identify triple mutants withuifo-2, ask1-1and eitherap3-3 pi-

The wild type and mutants used were in the Landseergta(Ler) 1, sup-1 Ify-5 or Ify-6, plants with floral phenotypes similar to, or
backrgound. Thaskl-1mutant was isolated as a male sterile mutantmore severe than those of the third mutant, were first confirmed as
and it has &s transposon insertion in the middle of the protein- beingaskl-laskl-1by PCR, and then tested 10FO genotype using
coding region upstream of a highly conserved domain (Yang et alBCR. Three primers were designed based onUFR® genomic
1999; Zhao et al., 1999). The other mutants have been describsdquence. Two of them were the same except'fen® nucleotides,
previously:ap3-landpi-1 (Bowman et al., 1989gp3-3(Jack et al., one matched the wild-typgd FO sequence (0MC396:' GG TAA
1992),Ify-5 andlfy-6 (Weigel et al., 1992))fo-2andufo-6(Levin and ~ GAT GGT TTA CGT GC-3 and the other matched the sequence of
Meyerowitz, 1995; Wilkinson and Haughn, 199&)p-1(Bowman et  the ufo-2 allele (oMC 397 5TGG TAA GAT GGT TTA CGT GT-

al., 1992). Seeds were sown onto Metro-Mix 360 (Scotts-Sierr&). The third primer (0MC410:'5TAA CCA CCG GTG TAG TAA
Horticultural Products Co., Maryville, OH), incubated for 4 days atGC 3) was used with either of the other two primers. Both PCR
4°C and then grown at 23°C with long-day cycles (16 hours light andxperiments were performed with each candidate plant, andR0e

8 hours dark). genotype of the plants was determined by comparing the relative
) ) amount of these two PCR products (Li et al., 1999). Sug1 ufo-
Construction of double and triple mutants 2, Ify-5 ufo-2andlfy-6 ufo-2double mutants were identified similarly

All single mutants used for phenotypic comparison were derived frommongASKYASK1plants.
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Table 1. K, segregation of double mutants

The other
Genotype ler-like ask1-1 single mutant Double mutant X2 P value
ap3-1+ ask1-1+ 121 32 38* 12 1.42 0.70
ap3-3+ ask1-1+ 163 41 52% 16 2.69 0.44
pi-U/+ ask1-1+ 145 29 518 13 7.54 0.06
sup-1+ ask1-1+ 151 37 601 14 5.84 0.12
Ify-6/+ ask1-1+ 128 29 39** 11 3.94 0.27
Ify-5/+ ask1-1+ 97 24 261+ 7 3.07 0.38
Ify-5(~/-) ask1-1+91 1371t 39 0.76 0.86
*ap3-1 tap3-3 8pi-1; fsup-1 ** Ify-6; +iify-5; TMgenotype of &£
Light and scanning electron microscopy sup-1(Fig. 1; Table 2). Our results on the single mutants and

Light microscopic images were recorded digitally using a Nikontheufo-2 ask1-Idouble mutant are in agreement with previous
dissecting microscope and Optronics camera, and processed usigports (Bowman et al., 1989; Bowman et al., 1991; Bowman
Photoshop. Additional flowers were examined using a Nikoret al., 1992; Jack et al., 1992; Goto and Meyerowitz, 1994;

dissecting microscope. Samples for scanning electron microscoRyevin and Meyerowitz, 1995; Wilkinson and Haughn, 1995;
were fixed, dried, dissected and coated, and then the specimens wgieyq et al. 1999).

examined as previously described (Bowman et al., 1989) using a JSM
5400 (JEOL USA, Peabody, MA). ufo-2 ask1-1 and ufo-6 ask1-1

In situ RNA hybridization The ask1-1mutant flowers sometimes show a reduction of
RNA in situ hybridizations were performed on wild-type and mutant?€tal number and petal size (Fig.1B), reduced stamen filament
floral sections as previously described (Drews et al., 1991; Flanaga@ngth, and petal/anther chimeras (Zhao et al., 1999)ufihe
and Ma, 1994). The\P3 and P| antisense and sense probes were2 flower (Fig. 1C) has abnormal floral organs interior to whorl
synthesized using in vitro transcription reactions with the pD793 andne, including ectopic sepals, petals, stamens, carpels,
PcPINX plasmids as templates, respectively (Jack et al., 1992; Gofflaments, or chimeric organs (Levin and Meyerowitz, 1995;
and Meyerowitz, 1994). Wilkinson and Haughn, 1995). Thio-2 ask1-Houble mutant
flower (Fig. 1D) had a similar phenotype to thfe-2 single
mutant (Zhao et al., 1999).

RESULTS The ufo-6 weak mutant has slightly affected petals and

o ] ] . stamens (Levin and Meyerowitz, 1995), with variable
Genetic interactions of ~ ASK1 with genes regulating flower phenotypes consisting of chimeric petals and
B function reduction of petal number and size (Fig. 1E,F). To obtain

We compared the floral phenotypes of the wild type (Fig.1A)further support for an interaction betwed®O and ASK],
single mutants, the double and triple mutantsskl-1with  we constructed theifo-6 askl-ldouble mutant. In some
the following mutationsap3-1, ap3-3 pi-1, ufo-2, ufo-6 and  ufo-6 askl-lflowers, petals were similar to thoseaskl-1

Table 2. Comparison of floral organs among wild type, single and double mutants*

Genotype
Phenotype Wild type  askl1-1 ap3-1 ap3-1, askl-1 ap3-3 ap3-3, askl-1 pi-1 pi-1, ask1-1 sup-1 sup-1, ask1l-1
Whorl 1, Sepals 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00 4.00+0.00
Whorl 2,3 and 4
Petal 4.00+0.00 3.24+0.08 0 0 0 0 0 0 4.00+0.00 2.86+0.10
Chimeric petalst 0 0.52+0.06 0 0 0 0 0 0 0 0.53+0.08
Sepal and sepal-like§ 0 0 3.98+0.01 3.98+0.01 4.00+0.00 1.11+0.08 4.02+0.01 1.1840.12 0 0
Stamen and stamen- 6.00+0.00 5.88+0.02 5.29+0.10 2.32+0.10 0 0 0 0 9.66+0.19 6.74+0.12
likefl
Filament and filament- 0 0 0.04+0.02 2.27+0.12 3.12+0.14 3.36%0.10 3.92+0.10 5.57+0.15 0.22+0.05 0.29+0.05
like**
Fused: stamen and 0 0 0.62+0.09 1.19+0.10 0 0 0 0 0.26+0.06 0.11+0.03
carpel
Carpel and carpel- 2.00+0.00 2.00+0.00 2.00+0.00 2.06+0.02 3.15+0.10 2.89+0.10 2.60+0.07 2.56+0.08 0.45+0.07 2.07+0.05
like

Total number of Whorl  12.00+0.00 11.64+0.03 11.93+0.03 11.82+0.07 10.37+0.16 7.36+0.24 10.53+0.16 9.29+0.19 14.59+0.17 12.60+0.13
2,3and 4

*All plants were grown under the same conditions and the average number of organs per flower is given * standard erroi€) fitlvedinson each given
plant were analyzed. A total of 100 flowers from 10 plants were examined for each genotype.

FChimeric organs included petal/stamen.

§Sepal-like organs included sepal/carpel, sepalf/filament.

{Stamen-like organs included stamen/filament and stamen/carpel/filament.

**Eilament-like organs included filament/stigma.
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Fig. 1. The phenotypes of
Arabidopsiswild-type and
mutant mature flowers. All
photographs are at the san
magnification. One sepal
was removed to show the
interior organs except for
flowersin A, B, E, Fand T.
(A) A wild-type flower
showing sepals (s), petals
(p), stamens (st), and carp:
(c). (B) Anask1-1flower
with 3 sepals; two of them
are small and one is fused
with stamen tissues
(chimeric petal, cp). The
stamens are shorter than
normal. (C) Aufo-2flower
with abnormal organs
interior to whorl one,
including sepals (s), sepal-
like organs (sl), one petal-
like organ (pl) and one
normal stamen. (D.) Afo-2
askl-1flower showing sepa
sepal-like, filament (f) and
stamen-like (stl) organs.
(E) A ufo-6 (weak allele)
flower with normal petals,
stamens, and one petal fus
with stamen tissues. (F) A
ufo-6flower with a normal
petal, two chimeric petals
and normal stamens. (G) A
ufo-6 askl1-IXlower showing
a stamen-like organ with
carpel tissues (arrow). (H).
ufo-6 ask1-Ilower with
sepals and filaments interic
to whorl one. (1) Amap3-1
flower with four sepals in
whorl two and stamens in
whorl three. (J) Arap3-1
askl-1flower showing
sepals and filament fused
with carpel tissues (arrow)
interior to whorl one. (K) Ar
ap3-1 askl1-flower with
sepals and carpel-like orga
(arrow) interior to whorl
one. (L) Anap3-3flower
with sepals, filaments and carpel-like organs interior to whorl one. (M)p38r3 ask1-Tlower with a similar phenotype to tlap3-3but with

fewer sepals. (N) Aap3-3 askl-Tlower showing two small sepal-like organs (arrows). (OpfB-3 ufo-2 askl-friple mutant flower with

only one sepal between whorls one and four. (Pap3+3 ufo-2 askl-flower showing no organs between whorls one and four. (@))1A

single mutant flower. (R) Ai-1 ask1-Iflower with fewer sepals than tipé 1. (S) Api-1 ufo-2 ask1-riple mutant flower showing only one
filament-like organ (arrow) and carpels fused with ovule-like tissues (arrowhead)s(p}Esingle mutant flower showing 11 stamens.

(U,V) Two sup-1 askl1-Houble mutant flowers showing a reduced number of stamens and an increase in carpel structure. The flower in U has
fewer, smaller stamens and more carpel-like organs thauh#(Arrow indicates a small petal, which is often found indabk1-1mutant

flower). The flower in V has normal carpels in the center and seven stamens with short filaments aa&1rift@ver. (W)sup-1 ufo-2

flower with a reduced number of stamens (arrow points to a normal stamen with pollen grains) and a carpel structuretteagarshpd.

(X) A sup-1 ufo-2 askl1-ttiple mutant flower showing a large gynoecium in the center and a near absence of organs between the outer sepals
and the central gynoecium.

but carpelloid organs and filaments were often foundifo-2(Fig. 1H). The enhancement of tbh&-6 phenotype by
(Fig. 1G). Furthermore, thafo-6 askl-lcould sometimes askl-1 supports a genetic interaction between these two
produce flowers with a phenotype very similar to that ofgenes.
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ap3-1 askl1-1, ap3-3 ask1-1 and ap3-3 ufo-2 ask1-1 sup-1 ask1-1, sup-1 ufo-2 and sup-1 ufo-2 ask1-1

Because bottyFO and ASK1affect organ identity in whorls We also analyzed double and triple mutants with shp-1
two and three, we wanted to analyze double and triple mutantsutation, which causes the production of flowers with extra
with ap3 mutations. Theap3-1 mutant is a temperature stamens interior to whorl two and a reduced carpelloid organ
sensitive weak mutant (Bowman et al., 1989); we observed that the center (Bowman et al., 1992; Fig. 1T). Mesp-1
at 23°Cap3-1flowers had sepals in whorl two and stamensflowers had about ten stamens and a dramatically reduced
staminoid or carpelloid organs in whorl three (Fig. 1I). Incarpelloid organ (Bowman et al., 1992; Table 2). However,
contrast,ap3-1 askl-Iflowers (Fig. 1J,K) had filaments or the sup-1 askl-ldouble mutant flowers usually produced
carpelloid organs interior to whorl one but no stamens at algpproximately seven stamens, significantly different fsoip-
similar to the strongap3-3 mutant flower which also has 1 (Table 2, T value=13.24). In additiosyp-1 ask1-Tlowers
filaments, carpelloid organs and/or carpels (Fig. 1L; Bowmahad a larger carpelloid organ in the center tharsd 1(Fig.
et al., 1989; Bowman et al., 1991; Jack et al., 1992). 1U; Table 2, T value=18.83). About 10% of the double mutant

We had previously generated tlap3-3 askl-ldouble flowers could even make a normal pistil in the fourth whorl
mutant (Zhao et al., 1999) and briefly reported its flowefFig. 1V). Furthermoresup-1 askl-1flowers had reduced
phenotype, which is similar to that ap3-3in terms of organ number and size of petals, short stamen filaments and sterile
type. We show here thap3-3 askl-Tlowers have fewer floral anthers, similar to thask1-1flowers.
organs than thap3-3 flower (Table 2). Specificallyap3-3 Compared to theup-1mutant, thesup-1 ufo-Zlowers also
ask1-1flowers had fewer than four sepals interior to whorl oneéhad a reduction in stamen number and an enlargement of the
(Fig. 1M; Table 2), which was significantly different fr@p3-  carpelloid organs, similar to tlseip-1 ask1-flowers (Fig. 1W;
3 (T value=24.41). Also sepals in sorap3-3 askl-flowers Levin and Meyerowitz, 1995). But thsaip-1 ufo-2flower had
were small (Fig. 1N). Interior to whorl one, the number offewer petals and stamens thangbp-1 ask1-flowers and was
filaments in ap3-3 askl-1lflowers was not significantly male fertile. Thesup-1 ufo-2 askl-friple mutant flower was
different from that inap3-3flowers (Table 2, T value=0.49). slightly more similar tesup-1 ufo-Zhansup-1 askl1-Tlowers
The total organ number irap3-3 askl-1flowers was (Fig. 1X). Compared with the two double mutants, the number
significantly reduced compared to thatp3-3flowers (Table of petals and stamens in the triple mutant was even smaller and
2, T value=10.87). the central carpelloid organ was slightly larger.

To test for genetic interaction betwedR3, UFO andASK], _ _
we also examined thap3-3 ufo-2 askl-iriple mutant and Early floral development in double and triple
found that it was similar tap3-3 ask1-lexcept that the organ mutants
number was perhaps further reduced slightly. In sap®3  Our observations with mature flowers described above indicate
ufo-2 askl1-Iflowers, we found only one or two sepals and nahat ask1-1and ufo-2 mutations alone or together caused a
filament interior to whorl one (Fig.10). Sona@3-3 ufo-2 reduction of organ number in tha&p3-3 pi-1, and sup-1
ask1-1flowers did not form any organs at all between whorlsackgrounds. We were interested to determine when the effect
one and four (Fig. 1P). These results indicate that the effect of ask1-landufo-2can be detected during flower development
ap3-3 askl-land ap3-3 ufo-2 askl-bn flowers were more and whether these mutations affect floral organ primordium
severe thamp3-3alone in terms of organ number. initiation; therefore, we examined early floral development of
pi-1 aski-1 and pi-1 ufo-2 aski-1 the double and triple mutants using scanning electron

microscopy.

We also characterized double and triple mutants involging by
1, which causes the formation of abnormal organs interior t§P3-1 ask1-1, ap3-3 ask1-1 and ap3-3 ufo-2 ask1-1
whorl one, similar tap3-3(Bowman et al., 1989; Bowman et First we compared flower development betwapB8-1single
al., 1991; Fig. 1Q). Although thai-1 askl-1flowers showed andap3-1 askl-ldouble mutants. There was no detectable
a similar phenotype to that pf-1 flowers, the double mutant difference in the inflorescence meristem and early floral
flowers had fewer floral organs interior to whorl one thah ~ primordia before stage 5 betweap3-1 and ap3-1 askl-1
flowers (Fig. 1R; Table 2). Mosgi-1 askl1-Iflowers had fewer mutants (not shown). At stage 6, tqe3-1floral bud (Fig. 2D)
than four sepals interior to whorl one, which was significantlyshowed sepal primordia in whorl two and stamen primordia in
different from that ofpi-1 (T value=23.02). In addition, the whorl three, but the size was smaller than wild type (Fig. 2A;
number of filaments in the double mutant flower wasBowman et al., 1989). Although the stagag3-1 askl1-bud
significantly greater than that of th®-1 single mutant (T (Fig. 2F) had four sepal primordia interior to whorl one,
value=7.31), but the total number of floral organs ingh®  similar to that ofap3-1, it lacked the characteristic stamen
askl-1flower was significantly smaller than in thel flower  primordia. In addition, some peripheral regions of the central
(Table 2, T value=4.68). carpel primordia were enlarged (Fig. 2F). In the stagp3-

Although ap3-3 askl-landpi-1 askl1-1flowers had similar 1 askl-Ifloral bud, the carpel primordia continued to enlarge,
number of sepals interior to whorl ongi;1 askl-1flowers  butthere were no stamen primordia (Fig. 2G). ap@-1floral
produced more filaments or filament-like organs thpB-3  bud at about stage 10 could form stamen primordia (Fig. 2E)
askl-1flowers (Table 2). Thei-1 ufo-2 askl-%Iriple mutant which were smaller than the wild-type ones (Fig. 2C).
flower seemed to have a slightly more severe phenotype th&lowever, theap3-1 askl-1floral bud at stage 10 only
either thepi-1 ask1-1double mutant or thpi-1 single mutant produced sepals, filaments or carpelloid organs (Fig. 2H),
in terms of the total floral organ number (Fig. 1S). In additionyvithout any stamens.
pi-1 ufo-2 askl-flowers made fewer filaments thpiRl askl- Similar to theap3-1 askl-Tloral bud (Fig. 2F), thep3-3
1 flowers (Fig. 1S and data not shown). floral bud at stage 6 had four sepal primordia interior to whorl
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Fig. 2. Morphology of early
flowers of wild-type and mutar
plants carryin@p3 pi, andsup
mutations. In all flowers, the
whorl one sepals or sepal
primordia were removed. (A) /
wild-type bud at stage 6
showing six stamen primordia
(st), carpel primordia
(gynoecium, g), and a tiny pet
primordium (p). (B) A wild-
type bud at stage 8 with clearl
visible stamens and fused
carpels. (C) A wild-type bud a
stage 9 showing petal primorc
becoming more prominent tha
before. (D) A stage 6p3-1
floral bud with sepal primordia
and stamen primordia that are
smaller than the normal. (E) A
ap3-1bud at about stage 10
with sepals (s), stamens (st) a
filaments (f). (F) A stage &p3-
1 ask1-lbud showing no
stamen primordia but with seg
primordia and the central
gynoecium primordium that he
become flattened and enlarge
at the periphery. (G) Aap3-1
askl1-1bud at about stage 7
showing sepal, filament
primordia (f) and enlarged
carpel primordia. (H) Amp3-1
askl1-1bud at about stage 10
showing sepals and filaments.
(I) A late stage &p3-3bud
without stamen primordia, but
with sepal primordia and a
gynoecium primordium that is
enlarged and misshapen. (J) /
ap3-3bud at about stage 10
showing sepals and filamento
organs. (K) A stage ép3-3
ask1-1bud with sepal primordi
which are fewer than iap3-3
and the enlarged gynoecium
primordium is similar t@p3-3
(L) An ap3-3 askl-bud at :
about stage 10 with one small -

sepal-like (s) organ but no h %

filaments. (M) A stage 6p3-3

ufo-2 ask1-Iriple mutant bud showing enlarged carpel primordia but no sepal primordia. (&)3A8 ufo-2 ask1-bud at about stage 10

having only the gynoecium interior to the removed whorl one sepals. (@)1 Aud at stage 6 showing sepal primordia and anenlarged
gynoecium primordium. (P) Ai-1 bud at about stage 10 showing sepals and filaments. (Q) A spideak1-1bud showing enlarged carpel
primordia but no sepal primordia. (R)pk1 askl1-lbud at about stage 10 with filaments but without sepals. (B)1Aifo-2 ask1l-bud at

about stage 10 with one filament but no sepals. (T) A stagp-Gbud that has six stamen primordia and is beginning to form two more

stamen primordia (arrows). (U) gup-1bud at stage 9 showing 6 large stamens and two small stamens, but no detectable carpel structure.
(V) A sup-1 ask1-bud at late stage 6 that has six stamen primordia and is begimming to form one more stamen primordium (arrow). (W) A
sup-1 ask1-bud at stage 8 showing six stamens and fused carpels (g).90f)-A ufo-2 ask1-friple mutant bud at late stage 6 showing a
phenotype similar to that of thseip-1 ask 1-bud with filament primordia and fewer stamen primordia. The gynoecium primordium was also
larger than that of theup-1 ask1-1Scale bars, in A (A, T,V,X) 1Am; in D (D,F,G,I,K,M,0,Q) 1Qum; in B (B,C,H,L,N,R,S,W) 5Qum; in E

(E,J,P,U) 5Qum.

one and enlarged carpel primordia in the center (Fig. 2I). lboth of them could produce similarly enlarged carpel
contrast, thep3-3 askl-¥loral bud at stage 6 formed fewer primordia (Fig. 2K). At about stage 10, thp3-3bud usually
sepal primordia than thap3-3single mutant, even though had sepals, filaments, or carpelloid organs interior to whorl
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one (Fig. 2J), again similar #p3-1 askl-lbuds (Fig. 2H). this stage (Fig. 1C). Theup-1 ufo-2 askl-Zriple mutant

In comparisonap3-3 askl-Iflowers produced fewer floral flower had a similar floral phenotype to thatsop-1 ask1-1
organs interior to whorl one thap3-3flowers. Somep3-3  but produced fewer stamens and a slightly larger carpel-like
askl-1flowers had fewer than four sepals and no filamenstructure (Fig. 2X).

structure (Fig. 2L). Somap3-3 askl-Tlowers had no sepals  The analyses of these double and triple mutants indicate that
or sepal-like organs (not shown). Th@3-3 ufo-2 askl-1 askl-1 and ufo-2 mutations cause a reduction of organ
triple mutant flower was similar to trep3-3 askl-Klower,  primordium initiation interior to whorl one in thep3 pi and
except that the triple mutant flower had slightly fewer floralsupmutant backgrounds. In addition, the combination of both
organs than theap3-3 askl-1flower (Fig. 2M,N). Our askl-1 and ufo-2 mutations results in a slightly greater
observations indicate that thsk1-1mutation could enhance reduction in organ initiation.

the ap3-1 phenotype and thaskl-1and ufo-2 mutations . .
reduced the number of floral organ primordia in #p8-3 ~ Genetic interaction between  ASK1, UFO and LFY

background. Phenotypes of double and triple mutant mature flowers
) ) Becauselfy mutations affect floral organ identity in a way
pi-1 ask1-1 and pi-1 ufo-2 ask1-1 consistent with a defect in B function (Schultz and Haughn,

We also examined the early floral morphology of double and991; Huala and Sussex, 1992; Weigel et al., 1992), we tested
triple mutants with thei-1 mutation. We observed that at stagefor possible interaction betweeASK1 UFO and LFY by

6 bothpi-1 single (Fig. 20) angi-1 askl-ldouble mutant comparing the floral phenotypes of single, double and triple
(Fig. 2Q) floral buds formed enlarged carpel primordia at thenutants. The stronify-6 mutant flowers only had leaf-like and
center; however, thai-1 ask1-1bud at this stage showed fewer carpel-like organs (Fig. 3A; Weigel et al., 1992). Flowers of
sepal primordia than thg@-1 bud. At a later stage thpe-1 ask1l-  thelfy-6 ask1l-hndlfy-6 ufo-2double mutants (Fig. 3B, C) and

1 flower produced fewer floral organs thanl(Fig. 2P), thelfy-6 ufo-2 askl-ttiple mutant flower (Fig. 3D) had similar
sometimes lacking sepals interior to whorl one (Fig. 2R). Thehenotypes, suggesting thagk1-1and ufo-2 mutations have

pi-1 ufo-2 askl-1floral buds at stage 6 (not shown) andno effect in thdfy-6 background.

approximately stage 10 (Fig. 2S) had fewer floral organ We then analyzed double and triple mutants betves&a-
primordia than thei-1 askl1-1floral buds. Therefore, thask1l- 1, ufo-2and the weak alleldy-5. Flowers of the weaky-5

1 andufo-2 mutations also caused a reduction of floral orgaimmutant had well-developed petals, stamens and carpels (3.0

primordia in thepi-1 background. petals, 2.7 stamens, and 2.2 carpe30; Fig. 3E; Weigel et
al., 1992). In contrast, tHé/-5 askl-1double mutant flower
sup-1 ask1-1, sup-1 ufo-2 and sup-1 ufo-2 ask1-1 had a much more severe phenotype than thafyes, and

Finally, we analyzed the early floral morphology of double anatlosely resembled that dfy-6. Most of thelfy-5 askl-1
triple mutants with thesup-1mutation. Before stage 5, there flowers only produced leaf-like and carpel-like organs (7.2
was no detectable difference betweensiyg-1single andsup- and 2.9, respectivelyn=30; Fig. 3F). Nevetheless, we
1 askl1-1double mutant floral buds (not shown). The stage-@ccasionally found that tH&/-5 ask1-1flower had stamen or
sup-1floral bud (Fig. 2T) formed six stamen primordia in stamen-like organs (0.2=30), which were never found in
whorl three and began to form more stamen primordia. Ththe Ify-6 flower. Thelfy-5 ufo-2flower was similar to that of
gynoecium primordium at the center was shorter than in thiéy-5 ask1-1(Fig. 3G); futhermore, thdfy-5 ufo-2 askl-
wild type. At stage 9, theup-1flower produced more than six 1triple mutant had no detectable difference friy6 (Fig.
stamens and no obvious carpel structures (Fig. 2U)stlihe  3H). These results suggest that the combination of a partial
1 ask1-1bud at stage 6 (Fig. 2V) was similar to thasop-1  loss ofLFY function (fy-5) andask1-landufo-2 mutations

In some latesup-1 askl-Flowers, we found six stamens and can cause a similar floral defect to the complete lodd-¥f
fused carpels (Fig. 2W), which was similar to the wild type atunction (fy-6).

Fig. 3. Mature floral phenotypes of mutants
with Ify-6 or Ify-5 alleles. (A) Alfy-6 flower
with leaf-like () and carpelloid (co) organs.
(B) A Ify-6 ask1-Iflower showing a similar
phenotype to th#y-6 mutant. (C) Alfy-6 ufo-
2 flower with the similar phenotype tfy-6
andlIfy-6 ask1-1flowers. (D) Alfy-6 ufo-2
askl1-1flower, similar tolfy-6, Ify-6 ask1-1
andlIfy-6 ufo-2flowers. (E) Alfy-5 flower
showing sepals (s), petal (p), petal-like orge
(p!), stamens (st), and carpels (c), unlike th
Ify-6 flower. (F) Alfy-5 ask1-1flower with a
phenotype similar to that ¢ff-6, and much
more severe than that If§-5. (G) A Ify-5 ufo-
2 flower exhibiting a phenotype similar to
those oflfy-6 andlfy-5 ask1-Iflowers. (H) A
Ify-5 ufo-2 askl1-triple mutant flower, N

showing a similar phenotype to thosdfg#6, Ify-5 ask1-1Ify-5 ufo-2 Ify-6 ufo-2 Ify-6 ask1-1 andlfy-6 ufo-2 ask1-Tlowers. All photographs
were taken at the same magnification.
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Fig. 4. Early floral morphology of mutants
with Ify-6 or Ify-5 alleles. (A) Alfy-6 bud at
about late stage 6 showing leaf-like primordia
(. (B,C) Twolfy-6 flowers with leaf-like
organs. The flower in B is younger than the
flower in C. (D) Alfy-5 bud at about late stage
6 showing stamen primordia (st) and carpel
primordia (g). (E) A stage By-5 bud with
obvious stamens (st), petals (p) and carpels (
in the center. (F) A stage 1f$-5 bud with V%
normal stamens, petal and two curled carpels.,;
(G) Alfy-5 askl1-1bud at about stage 6
showing spiral leaf-like primordia that were
similar to those in th#y-6 bud at the same
stage. (H,l) Twdfy-5 ask1-1flowers showing
a similar phenotype to that of tifg-6 flower.
The flower in H is younger than the flower in
I. Scale bars, A, 1gm; B (B,H), 50um: C
(C,R1), 50um; D (D,G), 10um; E, 50pum.

Early floral development in double and triple mutants UFO interact with B function genes ahdrY genetically. It is

We have examined the early floral morphology of single, doublknown that.FY andUFO positively regulate the expression of
and triple mutants carryirify mutations. In théfy-6 floral bud B function genesAP3 and PI. Therefore, it is possible that
at about stage 6, the first four leaf-like primordia formed #\SKlalso contributes to the positive regulatiorABf3andPl
whorl, but the other leaf-like primordia developed in a spiraexpression. To test this idea, we performed RNA in situ
pattern (Fig. 4A). At later stagdfy-6 flowers produced leaf- hybridization to determindP3andPI expression in wild-type,
like organs with branched trichomes (Fig. 4B,C). Both in earlysingle and double mutant inflorescence sections. Our results for
and late stagedfy-6 ask1-andIfy-6 ufo-2 askl- Floral buds AP3expression in wild-type antly-6 and Pl expression in
had similar phenotypes to that of tifig-6 single mutant (data the wild type were in agreement with previous findings
not shown). Therefore, thsk1-1andufo-2 mutations did not ~ (Jack et al., 1992; Weigel and Meyerowitz, 1993; Goto and
affect early flower development in tig-6 background. Meyerowitz, 1994). .

We further compared early flower development in the weak The onset ofAP3 expression has been shown to occur at
Ify-5 mutant and corresponding double and triple mutants. Th&tage 3 in the wild-type floral meristem (Fig. 5A; Jack et al.,
stage 6lfy-5 floral bud (Fig. 4D) had stamen primordia that 1992). During stages 5-8P3was present in petal and stamen
were nearly normal in size, but their number was reduceffimordia at a high level. After stage 9, the leveABBmMRNA
Compared to the wild type In addition, we observed nearWVaS reduced, but St!" detectable. TdEkl-lrower showed a_
normal carpel primordia at the center of the5 floral bud ~ Nnormal AP3 expression pattern (Fig. 5B), but the expression
(Fig. 4D). The latéfy-5 flower clearly showed well developed level in some mutant flowers was slightly reduced (n_ot shown).
peta|s’ stamens and Carpe|s (F|g 4E,F) However, tha thE|fy-5 rower,AP3mRNA was Clearly detecta_ble In stage-
development offy-5 askl1-1flower was quite different from 3 to -5 floral meristems, but the level was considerably lower
Ify-5 flowers. Thefy-5 ask1-1floral bud at about stage 6 (Fig. than normal (Fig. 5C,D). After stage 6, th@3 mMRNA was
4G) produced leaf-like primordia in a spiral pattern, similar taPresent in théfy-5 bud at a slightly lower level than either the
the Ify-6. The leaf-like primordia eventually developed into Wild-type or theaskl-1mutant buds (data not showmP3
leaf-like organs (Fig. 4H,1). Thiéy-5 ufo-2 ask1-Tlowers had MRNA was not detectable in moHy-6 flowers and only
similar phenotypes to that dfy-5 ask1-1 and were not occasionally found at the base in sotfe6 flowers (Fig.
detectably different from thiéy-6 flower (data not shown). We SE,F). Thelfy-5 ask1-1flowers showed amP3 expression

conclude that whehFY function is reducedASK1landUFO  pattern very similar to those dfy-6. In mostlfy-5 ask1-1
function are important for the specification of floral organflowers, theAP3 mMRNA was not detectable, although a very

primordia identities and phyllotaxy. limited amount oAP3signal was observed at the base of some
o flowers (Fig. 5G,H).

AP3 and Pl expression in wild-type and mutant ThePI mRNA was first detected in the wild-type stage 3 bud

flowers and it remained present at a high level in the developing petals

Our results from phenotypic studies suggest kdK1and and stamens (Goto and Meyerowitz, 1994; Fig. 5I). 83iel -
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Fig. 5. AP3andPI expression in wild-type and mutant flowers. Sections of inflorescences in A-H were hybridized ARB@mobe and in

I-P were hybridized with &1 probe. All photographs are at the same magnification. The numbers indicate the bud stage; im, inflorescence
meristem. (A) Wild-type showingP3RNA expression in the floral meristem at a high level at stages 3 and 4 and in whorl two and three in
an old flower. (B)ask1-1lexhibiting AP3RNA expression at the same position and nearly the same level as in the wild-type flower.

(C,D) Ify-5 has a similar expression patternAd¥3RNA to that in the wild type, but the expression level is slightly reduced. Ifi;6)

showing no or very lovAP3RNA expression (arrows) in a young and an old bud, respectively. {fg;B)rsk1-1double mutant showing

that AP3RNA expression is much reduced and largely undetectable. Only veAR8RNA expression in limited areas was observed in
some buds (arrows). (1) Wild-type showing tIPAtRNA is present at a high level in a stage-3 floral meristem and in whorl two and three of
old flowers. (J)ask1-1 thePlI RNA signal shows a similar pattern to that in the wild-type flower. (Kykp; the Pl RNA expression pattern

is similar to that in the wild type, but the level of expression is slightly lower than the normal. Iffd@\§howing very limited®l RNA

expression in a floral bud (arrow). (OJB)}-5 ask1-1; PI RNA expression is also much reduced. Only an occasional small regidn of
expression could be observed in some buds (arrows).

1 (Fig. 5J) andfy-5 (Fig. 5K,L) flowers exhibited similaPI DISCUSSION

expression pattern to that of the wild-type flower, butRhe

mRNA level in someaskl-1and Ify-5 flowers was slighty ASKI1 and UFO interact with LFY genetically to

lower than that of wild type. In contrast, tReexpression was regulate B function genes

not detectable in most areas 16f-6 flowers, except for a ASK1 and UFO both affect petal and stamen identities in
limited amount ofPI signal at the base of some flowers (Fig.whorls two and three, respectively, and interact with each other
5M,N). Similarly, Pl mRNA was not detectable in most regions genetically; furthermore, the ASK1 and UFO proteins have
of Ify-5 ask1-Iflowers, with only a small amount & signal  been shown to interact physically (Samach et al., 1999; Zhao
at the base of some flowers (Fig. 50,P). The results from the al., 1999). These findings suggested &@K1and UFO
AP3andPI in situ hybridization experiments indicate that themay act together to regulate B function. In this report we show
askl-landlfy-5 mutations together cause a much more severthat askl-1 can further enhance the floral organ identity
reduction ofAP3andPI mRNA levels and domains than either phenotype ofap3-1 At the same time, our observations
single mutations. indicate thatsk1l-1does not enhance the floral organ identity
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defects ofap3-3andpi-1 mutations. Moreover, triple mutants Samach et al., 1999). In addition, the lack of reductioRlof
with ask1-1 ufo-2 and ap3 or pi mutations, showed similar expression in thafo-1mutant could be explained by a possible
organ identity phenotypes tp3-3 and pi-1 mutants. It has functional redundancy of UFO and other F-box proteins.
been argued that although null alleles of genes in the sank@irthermore, the observation tHaltis expressed throughout
genetic pathway should not enhance each other’s phenotyp8§S-LFY 35S-UFGeedlings strongly supports the idea that
partially functional mutations and/or mutations in functionallyLFY and UFO also positively regulaid expression (Honma
redundant genes could enhance each other's phenotypmsd Goto, 2000). Our results support the hypothesis that ASK1
(Martienssen and Irish, 1999). Therefore, our double and triplpositively regulates the expression of béth3 and PI with
mutant phenotypes support the idea th&KlandUFO may  LFY, as well as UFO.
function in the same regulatory network that requikB8 and ] S
PI gene functions, i.e., the B function of the ABC model forASK1 regulates floral organ primordium initiation
the specification of floral organ identity. We observed that thap3-3 and pi-1 mutations caused an
However,ask1-1and ufo-2 single mutants, even thgo-2  reduction of organ number interior to whorl one, consistent
askl-ldouble mutant, are less severe thanap@3andpi-1  with earlier studies (Bowman et al., 1989; Bowman et al.,
mutants. This may be due to functional redundancy becaud®91; Jack et al., 1992; Goto and Meyerowitz, 1994).
Arabidopsishas additionalSKP1homologues ASK2-ASK9 Furthermore, ectopic expression AP3 and Pl resulted in
Gray et al, 1999; Samach et al, 1999; otl8Ks extra whorls of stamens (Krizek and Meyerowitz, 1996).
GenBankArabidopsisSequencing Initiative). Three of these Therefore, in addition to their roles in specifying organ identity,
genesASK2 ASK3andASK18 have 70% or more amino acid the AP3 and Pl genes also promote cell proliferation,
sequence identity tASK1land might have similar functions to especially near the center of the floral meristem (Jack et al.,
ASK1in flower development. Similarly, UFO is an F-box 1992; Krizek and Meyerowitz, 1996). In addition, it was
containing protein; there are dozens, if not hundreds, gireviously observed thagup-1 mutants have reduced floral
putative F-box-containing proteins predicted by themeristem determinacy, resulting in additional whorl(s) of
Arabidopsis genome sequencing projectAr@bidopsis stamens (Schultz et al., 1991; Bowman et al., 1992; Sakai et
Sequencing Initiative). The potential existence of functionallyal., 2000). The ectopic expressionAd#3andPl in sup-1floral
similar genes to bottASK1 and UFO could explain why meristem also supports a role fé&P3 and Pl in cell
mutations in these genes cause less severe floral phenotypa®liferation and initiation of floral organ primordia.
This is supported by the observed physical interaction betweenWe showed previously that tlask1-1mutant flowers had a
UFO and ASK2 (Samach et al., 1999) and by the observatialightly reduced number of petals and a nearly normal number
thatASK2has a similar expression pattern in early floral bud®f other organs (Zhao et al., 1999; Table 2SK1 is
to that ofASK1(D. Z. and H. M., unpublished data). homologous to the yea8KP1 gene, which is an essential
The ask1-1mutation enhances the phenotype of the weakegulator of cell division and encodes a subunit of the SCF
Ify-5 mutant, but not that of the stroffg-6 mutant, suggesting ubiquitin ligase. ThereforeASK1 may also regulate cell
that ASK1likely functions in the same regulatory pathway asproliferation during flower development. We further observed
LFY. Previous studies showed that LFY is a positive regulatahat flowers of thesup-1 askl-Houble mutant and theup-1
of AP3 andPI expression and that UFO is an important co-ufo-2 askl-1triple mutant had fewer stamens or stamen-like
regulator of LFY (Lee et al., 1997; Parcy et al., 1998). Ouporgans and more carpels than teep-1 single mutant.
results suggest th#&SK1may also be a co-regulator of LFY Therefore, the increased whorl-three cell proliferatiosup-
for the activation ofAP3 and Pl expression. Indeed, this 1 mutant requiresASK1and UFO functions. We found that
hypothesis was further supported by our findings that theup-1 askl-¥lowers had a nearly normal number of carpels,
expression of both theP3andPI genes was reduced to a muchmore than thesup-1 mutant; therefore, relative tsup-J,
greater extent by the combinationask1-1andIlfy-5 mutations  reduction of whorl three is balanced by an increase in whorl
than by either mutation alone. Furthermore, the reduction dbur.
AP3 and Pl expression in thdfy-5 askl-1double mutant Because thaskl-1mutation can cause a reductionAR3
flowers was very similar to that Ify-6, a presumed null allele. andPI expression in théy-5 background, the opposite of the
This result and the fact thiy-6 single,Ify-6 askl-landlfy-6  effect of the sup-1 mutation, part of ASK1 function in
ufo-2 double, andfy-6 askl-1 ufo-Zriple mutants all have regulating cell proliferation may be mediated Aly3 andPlI.
nearly identical floral phenotypes suggest that the regulation &urthermore, thaskl-1mutation could enhance the phenotype
B function byASK1andUFO requiresLFY function. of ap3-3or pi-1 mutants in the reduction of floral organ number
AP3 and PI have slightly different domains of expression interior to whorl one, particularly the number of sepal or sepal-
initially, with the Pl expression domain closer to the center oflike organs (Table 2). Therefore, tASK1and AP3PI genes
the floral meristem (Jack et al., 1992; Goto and Meyerowitzseem to have redundant functions in regulating cell
1994). In addition, it was shown that tli®-1 mutation causes proliferation in this region of the flower. This suggests that part
a reduction of earhAP3 expression, but noPl expression of ASK1Is function in cell proliferation is independent AP3
(Samach et al., 1999). This and the fact thaB&®-AP3but  andPl.
not the 35S-P| transgene could rescue thgo-1 mutant o _
phenotype in whorl three led to the idea tbi&O positively ~ Models for ASK1 and UFO actions in regulating ~ AP3
regulatesAP3 expression, but not that &fl (Samach et al., and P/ expression
1999). However, th85S-Pltransgene also did not rescue theUFO is an F-box containing protein and ASK1 is a homologue
pi-1 mutant in whorl three, suggesting that the transgene miglaf the yeast and human SKP1 protein (Ingram et al., 1995;
not provide enougRI function (Krizek and Meyerowitz, 1996; Yang et al., 1999). Both SKP1 and F-box containing proteins
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A ASK1+UF O+Culin control the level of a negative modulator (X) of LFY protein
—==—— [XI"" = pegadaion activity (Fig. 6A). When the ASK1 and UFO proteins are both
F-box proteins functional, the level of X is low, and the LFY protein is fully
@ N active. However, if thASKor UFO gene is mutated, then X
I NI is present at an increased level. When LFY protein is normal,
the effect of X is minor, but when LFY protein activity is
reduced by mutations suchlfs5, then the negative effect of
X becomes much more obvious. Alternatively, ASK1 and UFO

X | =—————p| X ~Ub —p Degrada . .
oha ASKs + comeEen may regulate a direct repressor (Y)AR3andPI expression,
askl-1 @

Wild-type

— Fboxproens whereas LFY is an activator of these genes (Fig. 6B). In this
|_> case, we need to postulate that when LFY is fully functional,
| ARS(OTR| the presence of Y, due #&sklor ufo mutations, cannot reduce

AP3 and Pl expression substantially. In contrast, when LFY
function is reduced by tH&/-5 mutation, then Y repression of
ASK1+UFO+Cullin AP3 and PI becomes effective. In either model, ASK1 and
WU” =»> Degradtion  UFQ could also interact with other partners to regui®a
Frboxprotens andPI| expression; nevertheless, mutant phenotypes and RNA
I

e @ |—> expression analysis suggest that ASK1 and UFO are the
AP3or P primary players in the proposed network of regulators.
These possibilities could be tested by analyzisglements
in AP3andPI promoters that mediate regulation by LFY and

Ub o Degaiion UFO/ASK1. !f the first scenario is true, then the same elements
e s should mediate the effects of both LFY and UFO/ASK1
Ify-5 askl-1 @ because X regulates LFY activity. If the second situation is
true, then Y could bind to a different site from the LFY-binding
| 2RSONR site(s) in theAP3 and PI upstream regions. Promoter studies
of AP3revealed that a region fror828 to the transcriptional
start seems to mediate the effect of UFO, and-t&00 to
B ASKLAUEO SOl —-300 region of thePl promoter mediates the effects of LFY
o Ub . and UFO (Hill et al., 1998; Honma and Goto, 2000).
@ e o @ = Degradstion Furthermore, within the328 to 0 region of th&P3promoter,
there are three putative sites (CArG boxes) for binding by
@ ° y MADS proteins; mutational analysis suggests that two of these
s O BT | mediate activation, whereas the third (CArG3) mediates
repression oAP3(Hill et al., 1998; Tilly et al., 1998). Because
Fig. 6. Models for regulation cAP3andPI expression by LFY, the precise sites mediating LFY and UFO regulation were not
ASK1 and UFO. (A) Model I. ASK1 and UFO facilitate the mapped, further analysis is required to distinguish the above

degradation of a negative modulator (X) of LFY protein activity. In  models.
the wild type, the level of X is low due to the function of ASK1,
UFO and other ASK and F-box proteins, together with cullin, the  Conclusion

third subunit of SCF. In thask1-1mutant, the level of X may We have shown here that tASK1gene cooperates WittEY

increase slightly but othé&SKgenes can still provide some needed . . . .
function. Wild-type LFY protein is not obviously affected by the to activateAP3 and P expression, and it plays an important

slight increase of X. In thiéy-5 mutant, the mutant protein has role in regulating floral organ primordia in whorls two and
reduced activity, leading to decreaggeBandPI transcription. In three. Our results also suggest that UFO also participates in
thelfy-5 ask1-1double mutant, the combination of a weak LFY these regulatory processes. The fact that ASK1 and UFO are

protein and an increased level of X causes a dramatic reduction of both putative subunits of the SCF ubiquitin ligase suggests
AP3andPI expression. If LFY activity is completely eliminated, as these proteins may regulate the level of other regulatory
in Ify-6 (not shown here), then there is lith®3andP| expression proteins that control cell division and/or transcription. These
regardless of the level of X. (B) Model Il, ASK1 and UFO facilitate ggylts support the idea that regulatory proteolysis can play

the degradation of a transcriptional repressor (YAR8andPI ; ; ;
genes. Again, the combinationasgk1-1landlIfy-5 mutations would important roles in controlling flower development.

result in both an increase in the Y repressor and a decrease in the
LFY activator, and a severe reductiorAR3andPI expression,
whereas either single mutation would have less pronounced effects
In the absence of LFY activatdfy-6), the Y repressor would have

no effect.
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