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SUMMARY

Proper regulation of homeotic gene expression is critical extent of organ loss in all floral whorls were observed in the
for pattern formation during both animal and plant seuss leunigdouble mutants. By in situ hybridization and
development. A negative regulatory mechanism ensures double and triple mutant analyses, we showed that this
that the floral homeotic geneAGAMOUS: s only expressed enhanced defect was caused by an enhanced ectopic and
in the center of anArabidopsisfloral meristem to specify  precocious expression o0AGAMOUS. Using a map-based
stamen and carpel identity and to repress further approach, we isolated theSEUSSgene and showed that it
proliferation of the floral meristem. We report the genetic  encodes a novel protein with at least two glutamine-rich
identification and characterization of a novel geneSEUSS  domains and a highly conserved domain that shares
that is required in the negative regulation ofAGAMOUS sequence identity with the dimerization domain of the
Mutations in SEUSS cause ectopic and precocious LIM-domain-binding transcription co-regulators in
expression of AGAMOUS mRNA, leading to partial animals. Based on these molecular and genetic analyses, we
homeotic transformation of floral organs in the outer two  propose thatSEUSSencodes a regulator SAAGAMOUSand
whorls. The effects ofseussmutations are most striking  functions together with LEUNIG.

when combined with mutations inLEUNIG, a previously

identified repressor of AGAMOUS More complete  Key words:LEUNIG, AGAMOUSAPETALAZ Co-repressor, Flower
homeotic transformation of floral organs and a greater development, LIM domain binding proteiirabidopsis thaliana

INTRODUCTION The regulation of the C class floral homeotic gene
AGAMOUS(AG) is the most extensively studied. dg loss-
Pattern formation and organ morphogenesis represents oneadffunction mutants, stamens are replaced by petals, and
the most challenging and important questions in developmentehrpels are replaced by a new flower. The generation of flowers
biology. The ABC model of flower development elegantlywithin a flower reveals a second roleAs in maintaining the
explains how the identity of the four types of floral organsdeterminancy of the floral meristem (Bowman et al., 1989;
is specificied (Coen and Meyerowitz, 1991; Weigel andBowman et al., 1991; Mizukami and Ma, 199&¥ encodes
Meyerowitz, 1994). AnArabidopsisflower consists of four a DNA-binding transcription factor of the MADS box family
types of floral organs arranged in four concentric whorls. Foufyanofsky et al., 1990; Huang et al., 1993). In wild-typ&,
sepals develop in the outermost whorl (whorl 1), four petalsnRNA is only turned on at stage 3, when the sepal primordia
develop in whorl 2, six stamens arise in whorl 3, and twqust arise from the floral meristem (Smyth et al., 1990), and is
carpels fuse with each other to form a gynoecium in whorl 4only detected in the inner two whorls of a flower (Yanofsky
The A, B and C classes of floral homeotic genes (also termexd al., 1990; Drews et al., 1991). Its precise regulation requires
‘organ identity genes’) function in specific and adjacent whorlshe activity of both positive regulatore EAFY (LFY),
to specify floral organ type. The mRNAs of most A, B and CAPETALA1 (AP1) and WUSCHEL (WUS and negative
genes are expressed only in the floral whorls where theiegulators such akEUNIG (LUG) and APETALA2(AP2)
activities are required (Drews et al., 1991; Jack et al., 199ZBowman et al., 1991; Drews et al., 1991; Weigel et al., 1992;
Mandel et al., 1992; Goto and Meyerowitz, 1994). HenceWeigel and Meyerowitz, 1993; Liu and Meyerowitz, 1995;
proper transcriptional regulation of the A, B and C gene&enhard et al., 2001; Lohmann et al., 20Q15Y and WUS
is crucial to the proper specification of floral organ typewere shown to bind directly to the second introrAGf and
Revealing the regulatory mechanism underlying floralactivate AG expression (Busch et al., 1999; Lohmann et al.,
homeotic gene expression, thus, poses the next major challer2@1). However, the mechanism of negative regulation is less
in the field. well understood.
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Table 1. CAPS and dCAPS markers used in this study

Restriction Restriction fragments  Restriction fragments
Marker name Oligonucleotide sequence enzyme &or(lhp) for Col (bp)
F2J6i (CAPS) Forward:'6ACTTGGGATGACTGCAAGA3 Alul 239117 33 272 117
Reverse: FGATCTCCTTCTTGTGCCTATCCT3
F28H19i (CAPS) Forward:'5TCGTCGAGAAGAAGTGTTTGT3 Msd 395 32075
Reverse: AACCTCCATTGAGCCAAAGA3
FOL16Sp6 (CAPS) Forward! GTGATGGTGATGACCTTGGAS3 Dral 784 382 692 382
Reverse: $SGCTGCAAAAGCTGTCATTT3
F27F5ii (CAPS) Forward:'5TGGAACTGCATGAACACAAAZ' Msd 405 200 143 75 553 143 75 54
Reverse: FCCTTGGTCCAACCAAATTC3
Restriction Restriction fragments  Restriction fragments
Marker name Oligonucleotide sequence enzyme for wild type for mutant allele
seu-1(dCAPS) Forward: ACAACAGATTCTGCTCTTCCGGAGGTA3 Rsd 214 237
Reverse: S TACCTGCAAACACCGAACA3
seu-2(dCAPS) Forward: FCAGCCTATGGCTTTTCTTCA3 Minl 108 132
Reverse: £CATACATAGAGACGCACCACCT3
lug-1 (CAPS) Forward: ©EACTGGCTTATTTGGGTTTAGG3 Bsl 207 132 339
Reverse: 5SAAAGCAGCAGTCAATAGAAACS3'
ap2-1(dCAPS) Forward:BAATCTTATAAAATAGGTATGTTTATCTG3' Dded 197 172

Reverse: 5i5CGTCTTTGCCGTTACATTTS

LUG andAP2 are two main negative regulatorsA®. In  protein with a putative dimerization domain, which was found
lug andap2mutants AG mRNA is ectopically expressed in the in the LIM-domain-binding (Ldb) family of transcription co-
outer two whorls of a flower, resulting in the homeoticregulators (Jurata and Gill, 1997). We propose 8t may
transformation from sepals toward carpels, petals towarlle required to mediate the interaction betweei®G and AP2
stamens, and a reduction in the number of floral organs iso as to repres&G expression in the outer two whorls of a
whorls 2 and 3 (Bowman et al., 1991; Drews et al., 1991; Lidlower. The detection of other genes with sequence similarity to
and Meyerowitz, 1995). In addition, precocious expression o8EUIn a wide variety of plant species points to a crucial role
AG has been reported mp2 and lug mutants (Drews et al.,, of SEUandSEUSS-LIKEgenes in higher plant development
1991; Liu and Meyerowitz, 1995). UsirigUSreporter genes
fused to thecis-regulatory sequences A, the expression of
the AG::GUS reporter genes was examined lug and ap2
mutants. This analysis indicated thaitG and AP2 regulate
AG expression at the level of transcription through the secon@enetic analysis
intron of AG (Sieburth and Meyerowitz, 1997; Bomblies et al.,Both seu-landseu-2were induced by EMS in the Landsbergcta
1999; Deyholos and Sieburth, 200822 encodes a protein (Ler) ecotypeseu-1lwas isolated in a screen for genetic enhancers of
with two 68 amino acid repeats, dubbed the AP2 domairtdnusual floral organglLevin et al., 1998)seu-2was isolated in a
that is predicted to perform functions of protein-proteinScreen for enhancers ofabs claw(Eshed et al., 1999). Boeu-1

dimerization and DNA binding (Jofuku et al., 1994; and seu-2were back-crossed to wild typedt) three times before

. . . Y . further genetic and phenotypic analyses.
Riechmann and Meyerowitz, 1998; Nole-Wilson and Krizek, ™, "Ap5 214 AG all reside on chromosome 4 in the following

2000).LUG encodes a gllutamlne-rlch protein with Seven WDorder:AP2(16 cM) LUG (10 cM) AG. SEUresides on chromosome
repeats and was predicted to act as a transcriptional C@-see helow). To generateu lugandseu apZouble mutantsseu-
repressor (Conner and Liu, 200@'-9 and ap2 mutations 1 homozygous flowers were fertilized with pollen fromy-1, lug-2,
enhance each others’ effects with respect to floral orgaig-3,lug-8 ap2-1or ap2-2 respectively. Seeds were collected from
identity transformation and floral organ loss (Liu andF. seuindividuals (selected based on plant height and floral defects)
Meyerowitz, 1995). It has been proposed thatG, the and the respective double mutants were observed in 1/4 ofsthe F
putative co-repressor, may be recruited AP2 a DNA-  plants. To generate tiseu-1 lug-1 ag-triple mutantsag-1/+ plants
binding transcription factor, to repres$ expression in the Wwere fertilized withlug-1 pollen. F2lug-1plants were crossed seu-
outer two whorls of a flower. Nevertheless, a lack of evidenc ;Seg'iipf'lA/apz'mc’“blf ”I‘(J)E?“t? tr? ge“erfe”'fl”? +h|.“9'1 ag-d
indicating a direct physical interaction betwdaiG andAP2 crggs-se re. atpéFt)iro-)ngrgaEidyoublg r?]utta?]g?rrln é;iz or? trrr:et I?osiionand
suggests thadP2 and LUG might need other co-regulators to gregatedg--. 29 progeny

. L . X the seu-1 lug-1 ag-ltriple mutant in 1/16 of the progeny. The
bridge their interactions. AlternativelAP2 and LUG may  genotype of theg-1 lug-1 seu-triple mutant was confirmed by Co-

regulate each other indirectly via other transcription factors. Ibominant Amplified Polymorphic Sequences (CAPS)- or dCAPS-
either scenario, the identification of additional regulato®®f based markers (Konieczny and Ausubel, 1993; Neff et al., 1998)

is necessary. developed folug-1andseu-1(Table 1). To generateu-1/seu-1lug-

We report the isolation and analyses of a new @SS 1 +/+ ap2-1plants,lug-1 individuals were crossed teu-1 ap2-1
(SEU. We showed thaSB8EU functions as a repressor AG ~ double mutants. Families segregateseu-1/seu-1lug-1 +/+ ap2-1
and is a candidate co-regulator l[d§G. seumutants exhibit individuals with an enhancestuphenotype in 1/8 of the progeny.
a phenotype similar tdug. Additionally, seu genetically The genotypes of these plants were confirmed by CAPS or dCAPS
enhances bothap2 and Iug in floral organ identity —Markers developed faeu-1ap2-1andlug-1 (Table 1).
transformation and organ loss, and this effeseofs mediated
by an enhanced ectopi expressionSEUencodes a Q-rich

MATERIALS AND METHODS

Microscopic analyses
Scanning electron microscopy (SEM) samples were collected, fixed
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and coated as previously described (Bowman et al., 1989; Bowm:

etal., 1991). Samples were examined on an AMRAY 1000A scannin A
electron microscope. Images were captured on a Polaroid came
Whole-mount floral photographs were taken through a Zeiss Ster
SV6 dissecting microscope. Slides of longitudinal sections o
inflorescences from in situ hybridization experiments were examine
and photographed under a Zeiss AxioPlan2 microscope wit
Nomarski optics.

Positional cloning of SEU

A mapping population was generated by crossig-1/seu-bf the
Ler ecotype with wild-type Columbia (Col) ecotype. Genomic DNA D
was isolated from 305 of thex Beu-1plants and assayed by PCR-
based markers. Linkage 8EUto the chromosome | markers GAPB
and F16N3 led to the physical map (Fig. 5A). Finer mappinc
subsequently place8EU 0.16 cM north of the marker FOL16Sp6
(Fig. 5A; Table 1). This place®EU on the BAC clone F28H19
(AC006423). Sequencing and annotation by the Arabidopsis Genon
Initiative predicts 13 open reading frames (ORFs) on F28H19. Amon

these ORFs is a glutamine-rich protein (F28H19.10). Fragmeni&z
spanning the F28H19.10 ORF were amplified by PCR femland i
seu-2 plants, respectively, and then directly sequenced. Th&E=E

mutational changes in tleeu-landseu-2alleles were confirmed by
repeating the amplification and sequencing analysis.

PCR analyses using CAPS and dCAPS markers

dCAPS markers (Neff et al., 1998) were designed for sethland
seu-2alleles based on the mutationssieu-1land seu-2respectively
(Fig. 5A). dCAPS marker faap2-1was designed based on sequences
published by Jofuku et al. (Jofuku et al., 1994). The CAPS marker fc
lug-1 was based on Conner and Liu (Conner and Liu, 2000). Thes
dCAPS or CAPS markers correctly distinguish wild-type from the
mutant plants. The primer sequence for each marker is listed in Tak
1. PCR amplification was performed under standard conditions.

Molecular analyses of SEU

A 5 rapid amplification of cDNA ends 'BACE) was carried out
using the 5RACE kit-version 2.0 (Gibco/BRL). Three nested primers
from the 5 gene-specific region oBEU were used: oligo 293, Fig. 1. Phenotypes afeumutant plants. A-C,| are photographs; D-H
5'AAACCACTAAACCCGACGTTS; oligo 265, 5 GGGTCAGAC-  and J-K are scanning electron micrographs. (A) A wild-type flower.
TCAGCACCACTS; oligo 178, STATTTGGAGCATTCCCAAGC3.  (B) A seu-Imutant flower with narrow petals (arrow) and narrow
5RACE products were cloned into pCRII-TOPO vector (Invitrogen)sepals (arrowhead). (C) #eu-2mutant flower exhibiting a whorl 1
and sequenced. Blast searches identifiedS&K EST clones. Five  stamen/carpel mosaic organ (arrowhead) and a whorl 2 petal that is
clones (AV521646, AV522370, AV531945, AV546257, AV553478) reduced in size and is staminoid (arrow). The tip of the gynoecium is
were provided by the Kazusa DNA Research Institute and one clorynfused, exposing the ovules (0). (D) Abaxial surfacessal
(A1997332) was purchased from Genome Systems Inc./Incytwhorl 1 organ. Both petal (pe) and sepal (se) cells are present. (E) An
Pharmaceuticals Inc. AV546257 is a full-length cDNA clone. enlargement from the boxed area in D. Both round-shaped petal cells

In situ experiments were performed as previously described (Liu ¢arrow) and rectangular-shaped sepal cells (arrowhead) are present.
al., 2000). For northern analyses, total RNA was isolated using the Ti(F) wild-type petal cells. (G) Wild-type sepal cells. (HsAu-2
reagent RNA isolation system (Sigma) from leaves and inflorescencmutant flower. Note the long tubular organs (arrows) in whorl 2.
containing flowers at all stages. mMRNA was subsequently isolateThese tubular organs are likely petal in identity because of the petal
from the total RNA using the polyATrack mRNA isolation system Ill plade at the tip of the tube. (I) Wild-type and mutant plants. All
(Promega). 2.5pg mRNA was fractionated on 1% denaturing plants are kr ecotype. The ruler is 15 cm long. Téeu-1plant is
formaldehyde-agarose gels, blotted, hybridized and washed accordiahout half the height of the wild-type orseu-1 ap2-1s similar in
to the method of Ausubel et al. (Ausubel et al., 1991). A 87Mdmp  height toseu-1; seu-1 lug-Bouble mutant is less than half the height
fragment corresponding to theehd ofSEU(2685-3559 bp) was used  of seu-1and is bushy. Inset box is an enlarged picturessial lug-
as a probe. 8 plant. (J) A mature wild-type ovule. (K) geu-lovule with an

abnormal protrusion at the micropylar end (arrowhead). Scale bars in
D, E, G, J, K are 10Qm; bar in F is 5Qum; bar in H is 1 mm.

RESULTS
seu mutants exhibit defects in floral organ identity slightly stronger thanseu-1 For both alleles, late-arising
and organ number flowers exhibited more severe phenotypes than early-arising

EMS-induced seu-1 and seu-2 mutants (Materials and flowers. In the late-arising flowers, the organ number in whorls
Methods) initially appeared similar in the severity of their2 and 3 is reduced (Fig. 1B,C; Table 2). On average, only 3
phenotypes. Further characterization showed $kat2was  organs are found in whorl 2, and 5 organs in whorl 3. 7% of
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Fig. 2.seu-lenhances the floral defects of
lug andap2 A-B,E-F,J are photographs;
C-D,G-I,K-L are SEMs. (A) Aug-1
mutant flower with narrow petals (arrow)
and split gynoecium (arrowhead).
(B) A seu-1 lug-1double mutant flower at
twice the magnification of the flower in A.
Theseu-1 lug-Tlower is roughly 25%
size of a wild-type flower. Only two
carpelloid organs with horns (h) are
formed in whorl 1. A single stamen forms
in whorl 3. Whorl 4 is reduced to a small
mound of tissue (arrowhead). (C)s&u-1
lug-2 flower. Whorl 1 organs are
carpelloid (arrow) but lack stigmatic tissue
and ovules. Whorl 4 is just a small mound
of tissue (arrowhead). (D) seu-1 lug-8
mutant flower. The small mound of tissue
in whorl 4 (arrowhead) forms two ovule
primordia (op). Inset box is an
enlargement of the ovule primordia.
(E) An ap2-1mutant flower. Whorl 1
organs are leaf-like with trichomes
characteristic of leaves (arrow). (F)s&u-
1 ap2-1double mutant flower. Whorl 1
organs are carpelloid with stigmatic
tissues (arrowhead) and ovule primordia
(op). (G) Anap2-2flower. The relatively
normal whorl 4 gynoecium is indicated
(arrow). Whorl 1 organs are carpelloid
with stigmatic tissus (arrowhead) and
ovule primordia (op). (H) Aeu-1 ap2-2
double mutant flower. Whorl 1 organs are
carpelloid with ovule primordia (op) along
) their margin but lack stigmatic tissues. A
1 stamen/sepal mosaic organ was removed
) ' (arrow) to reveal whorl 4 that is reduced to
a mound of tissue (arrowhead). (I)sAu-1flower. Two whorl 1 sepals have been removed to reveal a narrow petal (arrow) and an unfused
gynoecium (arrowhead). (J) geu-1/seu-1; ap2-2/mutant flower. The presenceag2-2+ enhanceseu-1seu-1las shown by a
stamenoid/carpelloid organ (arrowhead) in whorl 1 and a stamenoid petal (arrow) in whorl ZgicLseu-1; lug-1 + /+ ap2-flower. The
presence olug-1 + /+ ap2-1further enhanceseu-Iseu-1 A whorl 1 organ with both stamen and carpel characteristics is indicated
(arrowhead). (L) Aseu-1/seu-1; lug-1 +/ + ap2-flower. Note the carpelloid whorl 1 organ with ovule primordia (op) on the organ margin and
a horn (h) on the top. Scale bars in C, D, |, K, and L, 1 mm; in G and Hyri00

whorl 1 organs display partial homeotic transformation andgeu genetically enhances lug
possess sepal/petal or sepal/carpel mosaics (Fig. 1C-G; Tab\gth the exception of the reduced plant height, the floral,
2). Whorl 2 organs are most often narrow petals, but stameno@ule, and vegetative defectss#umutants are similar to, but
petals were occasionally observed (Fig. 1C). Alternativelyweaker than, those dfig. To understand the relationship
petals can be replaced by filamentous or tubular structures (Figetweenseuandlug, we generated and characterized lug
1H). Whorl 3 stamens are typically reduced slightly in sizedouble mutantsseu lug double mutant flowers display a
The whorl 4 gynoecium is often slightly split at the top (Fig.dramatically enhanced phenotype characterized by a reduction
1C, Fig. 2I). Sometimes, horn-like protrusions are seen at the flower size and floral organ number and an enhanced
gynoecium apex (data not shown). carpelloidy of whorl 1 organs (Fig. 2B-D; Table 2). Most often,
In addition to defects in floral organ identity and organonly two whorl 1 organs are formed. These whorl 1 organs are
numberseuplants exhibit other defects including narrow floral often carpelloid as evidenced by their epidermal cell
organs (Fig. 1B-C, Fig. 2I), narrow leaves (data not shownnorphology, the formation of horns (a character lug
reduced plant height (Fig. 1I) and increased lateral branchingarpels), and the expressionAss (see later). Whorl 2 organs
(Fig. 11). Furthermore, the number of seeds per silique iare completely absent. In whorl 3, one stamen is occasionally
reduced On averageseu-lproduces 18.1+6.2n€15) seeds formed, averaging 0.4 per flower. Whorl 4 carpels develop into
per silique while wild-type (&r) produces 62+7./hE11) seeds a small stub or mound of tissues. Interestingly, structures
per silique. Occasionallyseu-1ovules develop abnormally derived from carpel marginal meristems (i.e. ovule, stigma,
with a protrusion from the micropylar end (Fig. 1J,K). Bee  style, and septum) are not observed on whorl 1 carpelloid
phenotype indicates th&EU plays diverse roles during plant organs, nor on whorl 4 mounds (Fig. 2B,C). An exception to
development. this is theseu-1 lug-8double mutantlgg-8 is a weak allele)
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Table 2. Effects ofseu, lug ap2and ag mutants on organ number and organ identity

% of whorl 1 Number
Number of organs Number of organs Number of organs Number of organs organs displaying of flowers

Genotype in whorl 1 in whorl 2 in whorl 3 in whorl 4 homeotic transformation ~ examined
Wild type 4.0£0.0 4.0+0.0 5.8+0.39 2.0+0.0 0% 17
seu-1/seu-1 3.8+0.4 3.0+1.0 4.8+0.90 2.0+0.18 7.4%* 86
seu-1/seu-1; ap2-2/+ 4.0+0.0 2.2+0.77 4.4+0.83 1.5+0.52 25% 15
seu-1/seu-1; lug-#/+ ap2-1 3.7+0.7 1.6+1.1 3.2+1.0 1.940.47 38% 14
lug-1/lug-1 4.0£0.0 0.7£0.72 2.7+0.72 1.7+0.49 46% 15
seu-1/seu-1; lug-1/lug-1 3.2+0.68 0.0+0.0 0.4+0.91 0.0+0.0 88% 15
seu-1/seu-1; lug-8/ lug-8 2.9+0.47 0.4+0.94 1.2+0.97 0.4+0.65 ND 14
ag-1/ag-1 4.0+0.0 4.0£0.0 6.0+0.0 43+3.5** 0% 8
lug-1 ag-1/lug-1 ag-1 4.0£0.0 3.9+0.33 5.6+0.88 41+4.2%* 0% 9
seu-1/seu-1; ag-1/ag-1 3.6+0.79 4.1+0.38 5.9+0.38 ND 0% 7
seu-1/seu-1; lug-1 ag-1/lug-1 ag-1 3.9+0.27 3.8+0.58 4.4+1.0 16.9+5.7** 9% 14

*Mostly petal/sepal mosaics.

TMostly stamen/sepal or carpel/sepal mosaics.
*Similar to'; also see Liu and Meyerowitz (1995).
SMostly sepal to carpel transformations.

fOnly petal/sepal mosaics.

**Number of organs formed interior to whorl 3.
ND, not determined; values are mean + s.d.

where some ovule primordia were occasionally observed ilike trichomes (Fig. 2F). In the stroragp2-2flowers, whorl 1
either whorl 1 organs or whorl 4 mounds (Fig. 2D). Vegetativeorgans are carpelloid, whorl 2 and 3 organs are absent, and in
defects were also enhanced in $le@ lugdouble mutants (Fig. whorl 4 a relatively normal gynoecium is formed (Fig. 2G)
1I). Although lug single mutations have no effect on plant(Bowman et al., 1989; Bowman et al., 1991). Similaap@-
height,seu-1 lug-1double mutants are only 12% of wild-type 2, seu-1 ap2-2double mutant whorl 1 organs are carpelloid
height (2.7£0.9 cmn=20), much shorter theseul (11.4£1.6  (Fig. 2H). However, theeu-1 ap2-2vhorl 1 carpels have less
cm; n=10). In summary, theseu lugdouble mutant flowers stigmatic tissue and fewer ovules ttzgr2-2 The most obvious
exhibit increased carpelloidy in whorl 1, enhanced organ losdifference betweerap2-2 single mutant andseu-1 ap2-2

in whorls 1-3, a reduction of whorl 4 gynoecium, and a loss oflouble mutant is in whorl 4 where only a small mound of tissue
carpel marginal tissues. An overall reduction of flower size andevelops (Fig. 2H). Henceguenhances the defects of weak
plant height was also observed. ap2-1lin homeotic transformation and organ loss and enhances

seu genetically enhances ap2

Since AP2 plays a major role iPAG repression andap2
interacts withlug synergistically (Bowman et al., 1991; Liu
and Meyerowitz, 1995), we sought to determine the
relationship betweeap2andseu Both weakap2-1land strong
ap-2-2 alleles were used for the analysis. The wapR-1
flower develops leaf-like whorl 1 organs and staminoid whor
2 petals (Fig. 2E) (Bowman et al., 1989; Bowman et al., 1991
In seu-1 ap2-Houble mutants, first whorl organs are convertec
to carpelloid structures as evidenced by the presence
stigmatic tissue and ovule primordia and the absence of le¢

Fig. 3. Ectopic and precocious expressiorA® in seusingle and

seu lugdouble mutants. Bm longitudinal sections drabidopsis
inflorescences were hybridized with A6 antisense probe. Numbers
indicate stages of floral development [based on Smyth et al. (Smyth
et al., 1990)]. (A) A wild-type inflorescencAG mRNA is detected

in the center of the stage 5 flower and is not detected in sepal
primordium (arrowhead)AG mRNA is not detected in stage 2 floral
meristems. (B) Aseu-1linflorescenceAG mRNA is detected in the
stage 2 floral meristem and in the sepal primordia of stage 3 floral
meristem (arrowhead). (C) $eu-1 lug-&ouble mutant
inflorescenceAG mRNA is detected as early as the stage 1 and stage
2 floral meristems. Expression &G mRNA is also detected in

groups of cells (marked with a *) in the inflorescence meristem that
might represent pre-stage 1 ce& mRNA is detected in the sepals

of all flowers (arrowheads). Note the severely reduced whorl 4 (white
arrows). The pink color in the stem is residual Eosin stain and does
not reflect hybridization signal.
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Fig. 4. SEMs ofseu-1 ag-landseu-1 lug-1 ag-flowers.

Number indicates whorl number. (A) Aag-1flower. Whorl 1
organs are sepals, and whorls 2 and 3 organs are petals. Whorl
4 is another flower repeating the (sepal-petal-pgpalitern.

(B) A seu-1 ag-Mdouble mutant flower. Whorl 1 organs are
narrow sepals. Whorls 2 and 3 are narrow petals. Whorl 4 is
another flower. (C) Aeu-1 lug-1 ag-1riple mutant flower.

The whorl 1 sepals are very narrow and canoe-shaped. Whorls
2 and 3 organs are either blade-like or club-like (arrowhead).
(D) A close-up image of the epidermal cells in the blade-like
organ. These epidermal cells exhibit characteristics of petal
cells. (E) A close-up image showing several developing blade-
like organs (arrowhead) in whorls 2 and 3 ska-1 lug-1 ag-

1 triple mutant flower. (F) A close-up image showing several
club-like organs (arrowhead) in whorls 2 and 3 séa-1 lug-

1 ag-1triple mutant flower. Scale bars in A, B, and C are 1

mm; scale bar in D is 10m; scale bars in E and F are 100

pm.

the defects of stronap2-2primarily in the whorl 4 gynoecial Removing ectopic AG activity restores proper organ
development. identity and organ number but not organ shape or

In the homozygouseumutant background, the stroag2-  Plant height
2 allele behaves as a dominant enhancesenf. While seu- The above studies showed that the extent and severity of
1/seu-1plants display homeotic transformations in only 7.4%homeotic transformation and organ loss correlated with the
of whorl 1 organs,seu-1/seu-l ap2-2/+ plants display extent of ectopic/precociousG expression irseuandseu lug
homeotic transformations in 25% of whorl 1 organs (Table 2jnutant flowers. By constructirggu agdouble andseu lug ag
with a greater degree of homeotic transformation (Fig. 2I,J}riple mutants, we sought to determine if removit@gactivity
Furthermore, théug-1 allele behaves as a dominant enhancein the seuand seu lugbackground can restore proper organ
in the seu-1/seu-1; ap2-1/+background. Carpelloid and identity, organ shape or organ number. We found that the organ
staminoid transformations are observed in 38% of whorl 1dentity and organ number of teeu-1 ag-Tlowers are similar
organs inseu-1/seu-llug-1 +/+ ap2-1flowers (Table 2; Fig. to those ofag-1flowers. Four sepals develop in whorl 1, and
2, compare 2K,L with J). In summary, the degree of mutarfiour petals develop in whorl 2 (Fig. 4A,B; Table 2). However,
severity with respect to homeotic transformation can behe petals and sepals £€u-1 ag-Iflowers are narrower than
ordered as followsseu-1/seu-k seu-1/seu-1; ap2-2/« seu-  those ofag-1 or wild-type (Fig. 4B) and are similar &eu-1
1/seu-1 lug-1 +/+ ap2-1< ap2-2/ap2-2(<: less severe than) flowers. Furthermore, plant height is similarsieu-1 ag-land
Therefore, sey lug and ap2 exhibit both synergistic and seu-1plants. Therefore, removing ectopic/precocid\( in

dominant genetic interactions. seubackground can restore defects in floral organ identity and
organ number but not in organ shape or plant height.

AG is ectopically expressed in  seu single and seu In seu-1 lug-1 ag-triple mutant flowers, floral organ type

lug double mutants and organ number in whorls 1-3 are similar to thosagii

To test if the carpelloid and stamenoid homeoticflowers (Fig.4C; Table 2). Although whorl 1 organs of the triple
transformation of whorl 1 organs and the reduction of orgamutant are narrow and canoe-shaped, their epidermal cell
number observed in theeusingle andseu lugdouble mutant  morphology is characteristic of sepals (Fig. 4C). Occasionally
flowers are primarily caused by the ectopic expressidk®f (9%), some of these whorl 1 organs are sepal/petaloid mosaics
we examinedAG mMRNA expression by in situ hybridization. but they are never carpelloid (Table 2). This is in contrast to the
In wild-type flowers AG mRNA is first detected at stage 3 in high percentage (88%) of whorl 1 carpelloid organs found in
the center of a floral meristem (Fig. 3A) (Drews et al., 1991)seu-1 lug-1double mutants (Table 2; Fig. 2B-D). The whorl 2
In contrast, AG mMRNA was sometimes detected in all four and 3 organs adeu-1 lug-1 ag-flowers are sometimes blade-
whorls in stage 3euflowers (Fig. 3B). Additionally,AG like (Fig. 4C,E) with epidermal cell morphology characteristic
mRNA was sometimes detected in stagesel-1 floral  of petals (Fig. 4D). Alternatively, the whorl 2-3 organs
primordia (Fig. 3B). Thusseu causes both ectopic and sometimes look like clubs (Fig. 4C,F) with epidermal cell
precociousAG mRNA expression. Inseu-1 lug-8double  morphology characteristic of the base of petals (data not
mutant flowers, the ectopibG expression was enhanced asshown). On average, 3.8 whorl 2 and 4.4 whorl 3 organs were
shown both by a greater extent of ectof® expression in  observed in theeu-1 lug-1 ag-Tlowers as compared to zero
whorl 1 organs and by a higher percentage of whorl 1 organghorl 2 and 0.4 whorl 3 organs in tlseu-1 lug-1double

that expressAG (Fig. 3C). Most strikingly, precociouBG  mutants (Table 2). Finally, theeu lug agtriple mutant (2.9
expression was detected in floral meristems as early as stage+0.8;n=13) is similar in height to theeu-1 lug-1double

1 or even in groups of cells that are about to form the stagerutant (2.7+0.9 crm=20). Thus, removing ectopic/precocious
floral meristem (ie. pre-stage 1 cells) (Fig. 3C). This stag&G activity from seu lugdouble mutants restores correct floral
1/pre-stage 1 expression AG was never observed Ing or  organ identity and organ number in whorls 1-3 but does not
seusingle mutants. restore normal floral organ shape or plant height.



SEUSS represses AGAMOUS in flowers 259

A

CAPS marker - GAPB F2J6i F28H19i F9L16Sp6 F27F5ii
%recombinant - 2.4% 0% 0% 0.16% 3.6%
n=586 n=586 n=610 n=610 n=610
North : ' ' 1 L South to
%.?F o nga 280
<— — % % TI02 ’
BAC F28H19
contig | FSCTS

P."DGGTMC.‘\TCP.GAGCCGCCTRBTCC'I‘G'I"I‘GGGGGTGGTGAAMTG‘I‘TCOGOCT“I‘CGD.TATPMGAGGACAMGAGGAGCI‘CCTC‘ITCCTTCPCARCChGCA
M vV P 58 E P P N PV GGG EDNWV PP S5 I L G G QG L Q F A 34

TTTOC'I'I‘CACT‘IGI‘C‘I‘CTCCGCGTACTCAGTTIGG‘I‘MCAATA'IGJ\GTANJ‘\GTATGCTTGSGMTGCTCCMATATATCPTCTCTTC'T‘CAATAATCAGTCT
F P S L V 5§ P R T Q F G NN s L G N A N I 5§ 8 L L N N ©Q 5 g8

'I'ITGrm‘PGGTATCCCTGGTTCTATGATI‘TCTA’LGGATACAAGTGGTGCTGAGTCNACCCGM GTC LAACGTCGUL-:J. T mGTGm TTGTCGTCTTTTAAT
F v N G I P G 5§ M I 5 M D T S G A E 5 D 5 F G L 8§ 8§ F N 102

GCGTCGAGTATGGTGTC TCCGCGCTCAT CAGGTC AAGTTCAGGGT CAGCAGTT TTCGAATGT TTCGGC LAACCN;L TGT leTGAGCMCMCGGMTMG
A 5 5 MV 5 PR S 5 G Q WV QG Q Q F 8 N V 5 a Q L Q Q@ R N K 138

mATGGAGACGCRGAG‘I"I‘I“I‘CAACATGG‘I‘CAGCAGCAGTCAI\TGCMCAGCAG‘TTTT‘CGACAGTGCGTGGTGG‘I‘GGATTAGCRGGTG‘T‘GGGACCTGTTN\G
KM ET QS F Q HGQQQSs5 M QQQF S5 T R A G V G P V K 170

ATGGAGCCTGGTCAGGT‘I'I‘CGAA'I‘GHTCAGCAGC.P\TGGTCMGTRCRACAGCAGCAACAGMTG'I’I‘GAGMCTAGGGTCAGTTAAGTTGGAACCGCAG
M E P Q 5 N o Q VvV g Q 0 Q Q KM L R N L G 8 L P Q204

CAAATNAGGCCATGAGAAANTGGCCCAMTGMAMMGMOCTCMCAL TC maGCAG‘I‘CAL TETTTCTCCAACAACAGC AGAGGCARCAACAGCARCAR
Q I ¢ A M R N Q Q 5 E Q F L QQQQERQOQOQ Q 0 238

CAACAACAACAAWMTTCAAANCCGGGGCAATCTcmcm:GCTCMM'GMCATATI"maGCAGCAGamﬂwnmcmcwcmmcmcmcmcmc
0 2 QQ F L QM G 0 =8 Q Q 0 Q0 QR M QL Q QQ QL L 272

m‘ICTATGCC'ICAACAGCG'ICC‘ICMTTACCACAGCAGTNCMCAGCAGAA‘ITI‘ACC'I‘CTAMGCCMCTCTGAAACCMIGNTMTGMCCTGGCH‘NGGT
K s M P QQRPQLPQQFQQQNTILUPTLRP 308

GCTCAGCETCT TACACAGTA TA TGTACAGAC AAC AACAT AGG CCTGAAGACAA TAATAT CEAGTT CTGGAGAAAAT TTG TAGCT GAG TAC TTTGCTCCTAAT
A QR L T Y M Y R Q Q H R P E D N N I E F W 34

seu-2 frameshift
m&,ﬂa&f&m‘:mCGTC"I‘CTAWI‘ANGCAGTGGCNGGCAAACAACAGGCG’I‘T‘I'TCCCTCAGGR'IGTGTGGCACTGTGNSATATGTMCCGRMGCCT
A K K R|W C W S5 M ¥ o] v F P 0Q 374

GGACGTGETTITTGAGGCARCCGCCGAAGTCC TTCCGCGECTG TTT AAGATT ARGTATGAGAG TGGGACGT TAG ARG ARC TGTTATAT GTAGAT ATGCCAAGG
G R G F E A T A E VYV L P R L F K I K ¥ E § G T L E E L L ¥ ¥V D M P R 408

GAGTCCCAGAATTCATC TGGCCARATTGTCC TGGAGTAT GCARAAAGCAACACAAGAGAGTGT CTT TGAGCATC TTC GGG TTG TTCGTGATGGC CAACTTCGA
E S Q0 N 5 S5 G ©Q I V L E ¥ A K A T Q E S WV F E H L R ¥V ¥V R D G Q0 L R 442

ATAGTCTTC‘TCGOCRGR'ICTTMGATATTCTCCTGGGAA'T'I‘TTGTGCTCGGCGGCA'T‘GAAGAGCT'T‘A'T‘TCCACGAAGMCTTT'T‘GATACCGCAGG‘]'I‘AGTCAG

L F_ 8 D L K T F § W E F C A R R H E E L I P R R L L I P O ¥ 5 0 476
seu-1 stop codon

C'I'I'GGA‘I'CGGCAGCTCMGN\ATATCMCMGCTGCTCMMTGCHP\C.\ACAGAT’DCTCCTCTTCCGGAGCTH AMATA.HITGCMT.\TGTI‘I‘G‘ITGCATCT

L G 5 A A Q K Q 0 Q N 5 A L Q N C N M F W A S5 510

GC‘I‘MM}\ATTGGCMAGECCCNGMGTACCACTPGTGMTGAT'I'TGGGATACACAAAGAGATATGTTCGGTGTPTG:AGATC'I‘CAGAGG'I‘GGI‘AAATRG'[‘
Q WV D L G ¥ T K R ¥ V R C L 0 I S E V V N S 544

ATGMGG.‘\CCTGAT.\G\MTTAT.AGCAGAGAAACMGAAC}\GGACCMTCGAGMI‘ITAGCCAAGTTTTCTCGGAGAACAGGCCCTTCANTGCACTGCCTGGT
G E S L A K F P R T G s s L P G 578

CC‘I"I'C'I‘CC'PCAGCAAGCCAGCGACCAG-C'ITAGGC.‘\GCAGCNSCMCAACHACAGC.\GCAGCAGCP\ACAGCAMMCRACMCMCMCAACHGCAGCRGCAG
P S P Q QA S DOQL 2 02 Q0 0Q0QQO0QQQQQQ0CQ Q00O Q0 Q0 Q 0 612

CMMRGT'I"I‘CCCAGAATACAAACAGTGATCAMGTMTAGGCM\GTTGCACTMTGCAGMTAATCCAAGCAR‘I‘GG‘I‘G'I‘AAATTATGCCT‘I‘TAATGCAGCC
Q T Vv 5 0 3 Q 5 5 R Q VAL M QG NPF S NGV N Y A F N A A 646

TCTGCATCCACTTCCACCAGCAGCATCGCAGGGC TCATC CAC CAGAAT TCAAT GAAGGE AAGACATCAGAATGCTGCTTACAAT CCTCCARAAC AGCCCCTAT
s A 5 T 5 T S5 5§ I A G L I HQ N S M K G RHOQNAALAY N P P N § P Y B30

GGAGGM.\C‘I‘C'IGT'I\C.\GHTGCMTCACC"I‘AGT'I‘OCTCGGGTACCA’!‘GGTGOCA’I‘CATCANGCAGCAACAACACAACCTGCCRMATTTCAGTCTCCAMA
G G N 5 V Q Qg s s 5 5 G v s 5 5 Q ¢ Q H L Q s 714

TCCTC.\TCTMTAACMTMTCCCTCTCMAACGGGATACCATCTGTTMTCACRTGGGTTCCACmCTCACCAGCAA'IGCAACAGGCAGGTGAGG‘I‘PGAT
N P 5§ Q N G I P 5 V N H MG S5 TN S PF A M Q Q A G E V D 748

GGAMCGRG‘T\:TAGCTCGGTGCAGAWTACTGMTGMA‘I‘CC‘I‘GA’[‘GMCMCCAAGCTCATAATAATAGCTCAGGAGGAAGCA‘IGGT‘I‘GMCATGGGTCT
N Q L N E I L M N N QAHNDNSGS S5 G G 5 M V G H G 5§ 782

TNGGGAATGATGGGAAGGG'[‘CAAGC‘I‘AA’DGTAMTAGTTC‘I‘GGTG‘I‘I‘TTACTGATGAA'T‘GGCCAAGTGAACAACAAC.RACAACACAAATA‘I'{‘GGAGGI‘GC
F G N D G G Q ANV N S5 5 GV L L M NG Q V N NNDNWNTNTIGG A Bl6

GGTGGGTTTGG"I\SG'IGGG.\TTGGNMTCCANGCRGCAAACGGAATCMTMTATAAAOGGTMCAATAGTCTCRMGGMGAGTPGGGATGRTGGTG
G G F G G G Q 8 A A N G I N NI NGUNDNSILMDNNGU RV G M M V B

CGGEGATCCAAACGETCAACAGGATT TAGGAAACCAACTT TTAGGAGCAGTGAATGE TTT CAACAATTT TGATT GGAACGUGTGA
R D P N G Q QDL G N QLL G AUV NGV F NNVF D WHN A 877

Fig. 5. Molecular cloning of th66EUSSyene. (A) A physical map of tHeEUregion onArabidopsischromosome . Percentage recombination

for five CAPS markers is shownindicates the number of meiotic products examined at the given marker. BAC clones are shown as open
boxes. TheSEUgene, shown as a shaded box, maps 0.16 cM north of the CAPS marker FOL16Sp6. (B) Nucleotide sequence and the predicte
amino acid sequence 8EU Numbers on the right indicate the amino acid residue. The boxed area encodes a bi-partite nuclear localization
signal. The underlined sequence is the putative dimerization domain with similarity to the Ldb proteins. The filled tréhoafiesen-1and
seu-2mutations. Theeu-1lallele is caused by a C to T transition, resulting in a ‘TAA' stop codon at amino acid 508eUFRellele is caused

by a single base-pair deletion of the ‘G’ base indicated. The full length cDNA sequence (3555 bp) inthtting 3TR has been deposited

with GenBank (AF378782).
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A B bp downstream from the longer transcript. Northern analyses
WT  sewi sou2 leaf flower showed that the transcript levelssieu-landseu-2mutants are
R reduced to 59% and 78% wild-type level respectively (Fig.
SEU ¢ g cokh — e U 6A). This reduced mRNA level likely reflects a reduced mRNA
g stability in the twoseumutants, both of which are predicted to
158 m - .‘ produce truncated SEU protein. Consistent with diverse
developmental roles played BEU SEUMRNA is expressed
elstve Lavel. | 18 050 078 | in all tissues examined including flowers and leaves (Fig. 6B)
Fig. 6. SEUMRNA expression. (A) Northern analysis of mRNA as well as seedlings (data not shown). _ _
isolated from flowers of wild-type arsbumutants. The doublet SEUencodes a Q-rich (15% Q overall) protein of 877 amino

bands ofSEUMRNA reflect two different transcriptional initiation acid (Fig. 5B). Two major Q-rich regions reside in residues
sites confirmed by'RACE (see text). The relative mRNA level is 179-289 (42% Q) and 582-632 (61%Q), respectively (Fig. 5B,
corrected with the 18S RNA as a loading control and compared withFig. 7A). Within the second Q-rich region there is a stretch of
wild-type signal level. (B) Northern analysis of mRNA isolated from 24 Q residues. A putative bipartite nuclear localization signal
leaves and flowers of wild-type plan8EUmRNA is expressed ata  (Robbins et al., 1991) found between amino acids 330 and 344
higher level in flowers than in leaves. (Fig. 5B) suggests that SEU likely resides in the nucleus. In
addition, a 243 amino acid central domain (residues 321-563)

In ag-1 flowers, the whorl 4 gynoecium is replaced by anis highly conserved. Between 21% and 81% amino acid
indeterminate flower that repeats the (sepal-petal-petalsequence identity was found within this domain when
pattern, generating an average of 43+3.5 organs interior mmpared with other SEUSS-LIKE plant proteins and animal
whorl 3. In contrast, theeu-1 lug-lag-1triple mutant averaged Ldb proteins (Fig. 7A,B). Protein secondary structure
only 16.9+5.7 organs interior to whorl 3 (Table 2). The reducegrediction indicates that this domain of SEU likely formsxan
floral organ number in whorl 4 of the triple mutant likely helix (Fig. 7B). In addition, four hydrophobic residues spaced
results from an additive effect of the floral indeterminancy7 residues apart within this region (Fig. 7B) suggest that this
caused byg-1and the reduced whorl 4 primordium caused byregion may form a hydrophobic zipper.

the seu-1 lug-1(Fig. 2B-D; Fig. 3C). While the Ldb proteins are similar to SEU only in the
conserved central domain, the SEUSS-LIKE proteins from

The SEU gene encodes a glutamine-rich protein with plants are similar to SEU in the entire proteMmabidopsis

a putative dimerization domain genome has tw8EUSS-LIKEgenesM7J2.110 (CAA18174)

We isolated theSEU gene by positional cloning (Fig. 5; andMTG10.12 (BAB10171poth are 55% identical to SEU in
Materials and Methods)SEU was first mapped to the the putative dimerization domain and 33% identical over the
centromeric region of chromosome 1, approximately 2.4 chMentire protein (Fig. 7A). A rice gene (AAF34437) has an
south of the marker GAPB. Finer mapping using additionabverall 48% identity to SEU and a 81% identity in the putative
CAPS markers (Fig. 5A; Table 1) indicated t&&Uresides dimerization domain (Fig. 7A). A second rice gene
0.16 cM north of the CAPS marker F9L16Sp6. Our(BAA90807) is more closely related to th&rabidopsis
recombination data from this region of chromosome | indicat®17J2.110andMTG10.12than it is toSEU A large number of
that 0.16 cM represents approximately 40 kb, ®BES likely EST sequences from other plant species sucBa@sypium
resides on BAC clone F28H19. Sequencing and annotation afboreum(BG442742)Zea maygAW066123),Lycopersicon
F28H19 (AC006423) by thérabidopsisGenome Initiative esculentunfAW031470),Glycine maXAF100167), andPinus
indicated the presence of 13 ORFs on F28H19 that were northeda (AW043184) also share high levels of sequence
of the marker FOL16Sp6. Six of these appeared to encodgmilarity with SEU Because of limited sequence information
portions of transposable elements. The seven remaining ORftem these EST clones, only portions of these genes can be
are: three hypothetical proteins, one unknown protein, oneompared wittSEU Between 48% and 85% sequence identity
putative acyl-acyl carrier protein desaturase, one seringithin the dimerization domain is found among these SEUSS-
carboxypeptidase, and one glutamine-rich (Q-rich) proteilIKE plant proteins. However, the function of theSEUSS-
(F28H19.10). Because Q-rich sequences are found in mahyKE genes is unknown.
transcriptional regulators includingUG, F28H19.10 ORF
was a likely candidate foSEU Sequence analysis of the
F28H19.10 ORF irseu-landseu-2genomic DNA identified DISCUSSION
mutations in both alleles. In tiseu-lallele, a C to T transition )
results in the change of a glutamine codon to a stop codon GEU, together with  LUG and AP2, regulates the
amino acid 501 (Fig. 5B). In treeu-2allele, a single base pair Spatial and temporal pattern of ~ AG expression
deletion in codon 343 leads to a frame shift (adding 54 novéNe report the identification and characterization of a novel
amino acid residues) and a subsequent stop codon (Fig. 5B)utantseuin flower development. We showed that the partial
The nature of the mutational changes founddn-landseu- homeotic transformation of floral organ identity and a slight
2 strongly supports that F28H19.10 encodesSké&gene. reduction of floral organ number eusingle mutants are
Using the F28H19.10 ORF sequence as a query in a TBlastused by ectopic and precociod€s expression. The
search, shbSEU Arabidopsi€ST clones were identified. Based sepal/petal and sepal/stamen mosaics observaelinhorl 1
on sequence analysis of these EST clones aRRGE, full  organs also suggest an ectopic B activity. However, this ectopic
lengthSEUCDNA is represented by two transcripts of 3555 bpB activity may be mediated by the ectopi@ activity because
and 3406 bp respectively. The shorter transcript initiates 148y seudouble mutants no longer exhibited such sepal/petal or
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Fig. 7. Sequence similarity between SEU, SEUSS-LIKE proteins and Ldb proteins. (A) Diagramatic representation of the open reading frames
of SEU, SEUSS-LIKE proteins frofleracea sativdAAF34437) andA. thaliana(CAA18174), representative Ldb family members from
Danio rerio (AF031377), andlus musculugAF024524) and a putative Ldb family member fr8accharomyces pom(&L031262).

Numbers indicate amino acid residues. The shaded portion represents the putative dimerization domain for each protgjes Bhovemta
within the putative dimerization domain indicate amino acid sequence identity between SEU and the respective proteirePshnoantag

the right are percentage identity to SEU over the entire open reading frame. Glutamine-rich regions are shown as hatchedLbbkes.
interaction domain. (B) Sequence alignment of SEU with representative SEUSS-LIKE proteins, and Ldb family proteins in the putativ
dimerization domain. Identical residues are shaded black. Similar residues are shaded gray. The predicted alpha-hetit&Fidrison
indicated with a two-headed arrow. Four hydrophobic or non-polar amino acids (¢) in SEU are spaced seven residues aggirrin $ins
hydrophobic or non-polar amino acids (¢) in Memusculud.dbl protein are also spaced seven residues apart, suggesting a hydrophobic
zipper structure (Jurata and Gill, 1997).

sepal/stamen mosaics (Table 2). Hen&EU is mainly floral organs and a greater extent of floral organ loss are
involved in the negative regulation &G in flowers. The observed in theseu lugdouble mutants and are shown to be
relative weak phenotype ofeu single mutants could be mediated by enhancedG mis-expression. In particular,
explained by several alternative but non-exclusive hypothesegsrecociousAG expression was observed at stages as early as
First, SEUmay encode a co-regulator of LUG. In the presencetage 1 and even pre-stage 1s&u-1 lug-8double mutant

of intact LUG, a defective SEU may only slightly reduce theflowers. This stage 1/pre-stage 1 expressioA@fvas never
activity of the LUG-SEU complex. Second, none of sau  observed inseu-1 lug-1, and ap2-2 single mutants, which
alleles is a null as the truncated SEU proteiggn-1or seu-2  cause precociou®\G expression starting at stage 2 floral
might still possess partial function. ThirIEUmay encode a meristems (Drews et al., 1991; Liu and Meyerowitz, 1995; Liu
member of a gene family whose function may be partiallyet al., 2000). The stage 1/pre-stageAG expression may
redundant with other family members. underlie the dramatic reduction of floral organ number in the

The effects ofseu mutations are most striking when seu lugdouble mutants. Increase®lG activity is known to

combined witHug. More complete homeotic transformation in repress floral organ initiation, particularly in whorls 2-3, and
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AG was postulated to prevent organ primordial initiation bywas predicted to form an amphipathtichelix and mediate
inhibiting cell proliferation (Bowman et al., 1991). In addition, homo-dimerization (Jurata and Gill, 1997). In addition, Ldb
dominant genetic interactions betweseu-land ap2-2and  proteins contain a second domain, tll Lnteraction [dmain
amongseu-1, ap2-landlug-1 were also observed. Dominant (LID) (Fig. 7A), which mediates the interaction between Ldb
genetic interactions have been reported previously betiwgen proteins and the LIM-homeodomain proteins. However, there
and stron@p2-9(Liu and Meyerowitz, 1995) and may indicate is no sequence similarity in the LID domain between SEU and
direct physical interactions or a common activity thresholdnembers of the Ldb family.

among the interacting proteins. SEUSS-LIKEjenes are found iArabidopsis rice, soybean,
corn, pine and other plant species and define a novel family of

SEU regulates other developmental processes plant regulatory proteins. With the exception SEU the

independently of AG function of other family members is not known. Our genetic

Both LUG andAP2have functions that are independenfGt and molecular analysis stuis beginning to shed light on the
AP2 specifies sepal and petal identity, whil&dG regulates  function of this novel family of plant regulators. Furthermore,
floral organ and leaf shape and gynoecium and ovulasing a reverse genetic approach, we will be able to test
development (Bowman et al., 1991; Liu and Meyerowitz, 1995whether the two Arabidopsis SEUSS-LIKEgenes play
Roe et al., 1997; Schneitz et al., 1997; Chen et al., 2000; Liedundant roles witSEU
et al., 2000). With the exception of defects in floral organ
identity and organ number, many of teeudefects are not A proposed model
suppressed by removingG activity. For example,seu ag Based on our genetic and molecular analyses, we propose that
double mutants still display reduced plant height and fornr8EU is a co-regulator ofLUG. The domain structure of
narrow sepals and petals. In addition, Sau lug double LUG is similar to that of a class of functionally related
mutants, a small mound of tissue develops in whorl 4 (Fig. 2Bt¥anscriptional co-repressors includifigplof yeast,Groucho
D). This reduced whorl 4 phenotype appe&@Gindependent of Drosophilaand TLE (Transducin-like Enhancer of split) in
as theag seu lugriple mutants have a much reduced numbemammals (Hartley et al., 1988; Williams and Trumbly, 1990;
of whorl 4 organs in the indeterminate flower. Finally,dsba  Parkhurst, 1998; Conner and Liu, 2000). In yeast, the Tupl
lug agtriple mutants develop canoe-shaped sepals and blades-repressor is brought to target promoters by sequence-
or club-shaped petals (Fig. 4C,E,F), suggesting a synergistipecific DNA-binding proteins and regulates a wide array of
interaction betweerseu and lug in regulating organ shape. independent sets of genes such aasell specific genes,
Hence, in addition to repressidgs, SEU,together withLUG,  glucose-repressed genes, flocculation genes, and DNA-
may regulate additional target genes that determine pladimage-induced genes (Roth, 1995; Teunissen et al., 1995).
height, organ shape and whorl 4 primordium formation. The N-terminal portion of Tupl forms a repression complex
What underlies theséAG-independent defects ofel?  with Ssn6, a tetratricopeptide repeat protein (Keleher et al.,
Examination of petal cells iseusingle andseu lug adgriple  1992), which is needed to facilitate the interaction between
mutants by scanning electron microscopy indicated that th€upl and the corresponding DNA-binding transcription factors
petal cell size is similar to that of wild type (R.G. F. and Z. L.(Tzamarias and Struhl, 1994).
unpublished data). Hence, the narrow organ shape, reducedf LUG acts via a mechanism similar to Tupl, cosiElUbe
plant height, and reduced whorl 4 organ primordia aréhe Arabidopsisequivalent of Ssn6? AlthougBEU does not
consistent with a general reduction of cell number, andshare sequence similarity with Ssn6, both SEU and Ssn6
perhaps, reflect a role &EUin promoting cell proliferation. possess Q-rich domains, lack a DNA-binding motif, and
LUG was similarly proposed to have such a role in cellcontain a putative protein-protein interaction domain. Bethn

proliferation control (Liu et al., 2000). and ssnémutants are pleiotropic in phenotype. The distinct
) o molecular identity but similar genetic function betwesaU

SEUSS encodes a putative transcriptional co- andLUG also support thaBEUandLUG may work together

repressor by forming a co-repressor complex. Preliminary experiments

seumutants are similar tlug mutants in their phenotype, their indicate thatSEU interacts withLUG in the yeast two-hybrid

synergistic and dominant interaction wahp2, their ability to  system (A. Surendrarao, R. G. F. and Z. L., unpublished data).

negatively regulat@&G, and their role in regulating organ shapeHence, our current working model predicts that by interacting

and gyneocium development. These similarities suggest thatith DNA-binding transcription factors that bind AG cis-

SEUmay function similarly ta.UG. We showed the&8EUdoes  elements, the putative SEU/LUG co-repression complexes are

not encode a protein with significant sequence similarity toecruited to repres&G expression in the outer two whorls of

LUG. Rather,SEUencodes a Q-rich protein with a conserveda flower. Candidate DNA-binding factors include, but are not

domain that is similar to the dimerization domain of Ldblimited to, AP2 This model could explain the synergistic and

family of transcriptional co-regulators. Our finding that bothdominant genetic interactions amoapg2 seuand lug. The

the seu-land seu-2mutation results in the truncation of the molecular isolation ofLUG (Conner and Liu, 2000)AP2

SEU protein in this conserved domain suggests that thigofuku et al., 1994), arfEU (reported here) will allow us to

domain is important foSEUfunction. further test these hypotheses. Other molecular and biochemical
Ldb protein family members regulate transcription via direceinalyses will increase our understanding of the transcriptional

physical interactions with DNA-binding transcription factorsrepression mechanism in higher plants.

such as the LIM-homeodomain proteins (Agulnick et al., 1996;

Bach et al., 1997; Jurata and Gill, 1997). In Mhemusculus We thank theArabidopsisinformation Management System, the

Ldbl protein, the domain conserved between Ldbl and SERkrabidopsisGenome Initiative, the Kazusa DNA Research Institute,
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