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SUMMARY

Studies involving mutants of the gené&SPATULA indicate  require the function of the other carpel development genes
that it promotes the growth of carpel margins and of pollen CRABS CLAWand AGAMOUS, although its expression is
tract tissues derived from them. We show that it encodes repressed in first whorl organs by the A function gene
a new member of the basic-helix-loop-helix family of APETALA2. Further, we have shown that disruptions to
transcription factors. SPATULA is expressed in marginal gynoecial pattern formation seen inettin mutants can
and pollen tract tissues throughout their development largely be attributed to ectopic SPATULA action. ETTIN'’s
confirming its role in regulating their growth. It is also  role seems to be to negatively regula@PATULAexpression
expressed in many other tissues where it may act in abaxial regions of the developing gynoeciunSPATULA
redundantly to control growth, including the peripheral is the first basic-helix-loop-helix gene in plants known to
zone of the shoot apical meristem, and specific tissues play a role in floral organogenesis.

within leaves, petals, stamens and roots. Expression in the

stomium, funiculus and valve dehiscence zone indicates an Key words:Arabidopsis thalianaSPATULA Carpel, Gynoecium,
additional role in abscission SPATULA expression does not  bHLH, Transcription factor, Transmitting tra8T TIN

INTRODUCTION plane especially towards the apex, resulting in a spatula-like
appearance (Alvarez and Smyth, 1999).
Angiosperms enclose their ovules in protective leaf-like organs Genetic analysis has revealed t8&Tacts in parallel with
called carpels. To promote fertilization, carpels typicallytwo other genes to specify all components of the mature
develop specialised tissues that facilitate the passage of tggnoecium (Alvarez and Smyth, 1999). The C-class gene
male gametophyte from the exterior to the ovules locateAGAMOUS (AG) specifically promotes the characteristic
within. These tissues usually develop from the carpel marginsellular morphology of the carpel wall and the development
and include a stigma on which pollen alights, and transmittingf a stylar apical outgrowttCRABS CLAWCRQ), however,
tissues within the style and ovary through which the pollepromotes the narrow, parallel-sided shape of carpels as
tubes grow. InArabidopsis two congenitally joined carpels opposed to the ovate shape of leaves. Genetic and molecular
make up a central gynoecium. At the apex, stigmatic tissugata suggest that while these genes are probably activated
develops on top of a short style. The ovary is divided into twandependently, regulatory interactions amongst them may fine-
locules by a septum that develops by the postgenital fusion @ine their expression (Alvarez and Smyth, 1999; Bowman and
two outgrowths that originate from the regions of carpel fusionSmyth, 1999).

Recessive mutations in theSPATULA (SPT) gene Another gene that effects the pattern of carpel development
specifically disrupt development of the pollen tract tissuess ETTIN (ETT) (Sessions and Zambryski, 1995; Sessions,
including the transmitting tract, style and stigma (Alvarez and.997). The gynoecia of strorgt mutants have no valve tissue
Smyth, 1999). These disruptions affect the presumedithin the ovary, and instead produce a style-like gynophore
precursors of these tissues as early as stage 7 when thpped by a bifurcated and everted stigma. Interestisgly,
gynoecial cylinder starts to elongate (J. Alvarez and D. R. Smutations suppress many aspects of #te phenotype
unpublished). Reduced growth results in the reduction asuggesting that abnormalities seemftmutant gynoecia may
absence of septum tissue, especially in apical regions. A cleisult from ectopic SPT activity (Alvarez and Smyth, 1998).
is often present separating the two carpels at the apex, andTo help understand SPT function at the molecular level, we
stigmatic tissue is also severely reduced. The only tissue abseeport the cloning of thEPTgene by chromosome walking and
in strongsptmutants is the transmitting tract within the septumanalysis of its expression patteBRTencodes a basic helix-loop-
and style that generate an extracellular matrix. Despite thigelix (bHLH) transcription factor that is expressed continuously
fertilisation usually occurs, although at a reduced frequencyn the margins of developing carpels, presumably supporting their
spt fruits are shorter than wild type and wider in the medialgrowth. It is also expressed in a range of other tissues where its
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redundant functions may include growth promotion and tissupreviously described (Long et al., 1996). The slide pretreatment,
abscission. Where&PTexpression can occur independently of hybridization and washing steps were carried out according to the
the other carpel genedSRABS CLAWand AGAMOUS it is meth_oq o_f Braiss_ant and Wahl_i (Braissant and Wahli, 1998).
negatively controlled b TTIN This key interaction is essential Hybridisation was in 50% formamidex $SC at 59°C, followed by

; ; e ; washing in 0.2 SSC at 55°C. Antisense DIG-labelled transcripts
for correct tissue patterning within the gynoecium. were synthesised from cDNA 5 (after linearization viddnHl) using

T7 RNA polymerase and DIG-labelled UTP (Roche) according to the
manufacturer’s instructions. The expression pattern was qualitatively

MATERIALS AND METHODS identical to that obtained using a shorter cDNA 3.5 template that lacks
) the conserved bHLH domain. Control sense probes did not yield
Plant material detectable signal.

The weakspt-1and strongspt-2 mutant alleles have been described

previously (Alvarez and Smyth, 1999). Another strong musan3

was obtained subsequently. All were isolated in the Landsiteaeta  ~ RESULTS

background using ethylmethane sulphonafg2-2 and crc-1 single

mutant andap2-2 ag-ldouble mutant lines were bred previously |splation of the SPT gene

(Alvarez and Smyth, 1999), as werte-3single ancktt-3 spt-2Zouble Th S :
. e SPTlocus was located within a 20 kbp region below the
mutants (Alvarez and Smyth, 1998). Plants were grown at 20-25 - . L
constant light. Floral stages follow Smyth et al. (1990). AI.DZ gene (Fig. 1.)' CDNAs Corrgspondlng to SEven genes within
this region were isolated and five were partially sequenced. At
Initial mapping and generation of recombination markers this point, the sequence of the genomic region surrourddg
The SPTlocus is less than one map unit beld@RETALA2(AP2) on  was released (Terryn et al., 1999). This information enabled
chromosome 4 (Alvarez and Smyth, 1999). Six marked recombinatiotine rapid sequencing of candidate genes corresponding to
p q g g p g
points betwee\P2 egndSPTwere generated by crossiagz_-z spt- the cDNAs. One gene, represented by cDNA 3.5, contained
2 double mutants in the Landsbeegecta ecotype to wild-type different mutations in three independently isolagptimutant
Columbia plants and selecting fFecombinants. Their frequency gtrains. This proved to correspond to 8Tgene because a
indicated thaSPTis approximately 0.3 map units beldwP2 5,094 bp genomiPst fragment containing only the candidate
Recombination markers distal 8 Twere generated by crossing gene fully complementegpt-1 and spt-2 mutant phenotypes

spt-2to aintegumenta-%ant-9) in C24 ecotype background (Elliott et 7. . .
al., 1996) and selectings Families segregating for the double mutant (Fig. 2). 15 independent transformants were obtained, and the

phenotype. Between 13 and 17 recombinant families were identifid@Stored phenotype co-segregated with the insert in subsequent
out of 345 families tested, giving an estimated map distance ddenerations.

between 1.9 and 2.5 map units. .
SPT encodes a bHLH protein

Mapping the SPT candidate region cDNA 3.5 corresponds to predicted gene 44 in the AP2
Yeast Artificial Chromosomes (YACs) containing the2gene were  contig of Terryn et al. (1999) (also called AT4g36930
identified by screening the EG (Grill and Somerville, 1991) and E\/\by the Martinsried Institute for Protein Sequences, see
(Ward and Jen, 1990) YAC libraries with a 7.2 kbp genomic fragmeng - pyww. mips.biochem.mpg.de/proj/thal/). Comparison of

that containAP2 (present in plasmid pLE 7.2 (Jofuku et al., 1994)). : o
The left end of YAC EG7G11 was used to isolate a genomic clon ¢DNA 3.5 and the predicted ORF suggested that it is not full

AMH3, from an EMBL3 phage library made using Landstegta Gfength. Two longer cDNAs (5 and 9) were |solated, and the
DNA. This was used to isolate two further phage genomic clonel®ngest, cDNA 9, extends upstream of the putative start codon
(AMH1 andAMH2) as well as a cosmid genomic clone (cosMH1) (Fig. 3A).
from a Columbia library obtained from the Arabidopsis Biological TheSPTgene consists of seven exons encoding a predicted
Resource Center (Olszewski et al., 1988). protein of 373 amino acids (Fig. 3A). Database searches
cDNAs corresponding to florally expressed genes located within theevealed that SPT contains a bHLH domain (boxed)
candidate region were isolated by uskigH1, AMH3 and cosMH1  homologous to that of transcription factors found in plants,
as probes to screen a cDNA library made froer inflorescences fungi and animals (Atchley and Fitch, 1997; Littlewood and
containing buds up to stage 12 (Weigel et al., 1992). Evan, 1998). bHLH proteins bind DNA via a stretch of
Sequencing of mutant alleles approximately 13 amino acids (the ‘basic’ region) that lies

The genomic sequence of ESSA AP2 contig 1 (GenBank accessi&qjacem to_ a h_ellleoop—hellx region which faC|I|.tates homq-
number 299707) (Terryn et al., 1999) was used in conjunction witl" hetero-dimerization (Fig. 3B). SPT also contains a putative

sequence data obtained from the candidate cDNAs to design PdRpartite nuclear localisation signal (Daingwall and Laskey,
primers that amplified the candidate genes fremvild-type andspt ~ 1991) that overlaps the basic domain between amino acids 194

mutant plantsPfu DNA polymerase (Stratagene, La Jolla) was usedand 210. Protein structure prediction programs (Rost and
on at least two ino!ependent DNA preparations per genotype. TheSander, 1994) identified two otherhelical regions in the N-
were sequenced directly. terminal region, one charged and the other amphipathic.

, Within the bHLH domain, the known protein most similar
Complementation of the - spt mutant phenotype to SPT is PHYTOCHROME INTERACTING FACTOR3

A 5,094 bpPst fragment, containing the putati&PTgene and 1.3 J(PIF3) fromArabidopsis(43 out of 49 amino acids identical;

kb of upstream DNA, was sub-cloned from cosMH1 into the binary>. . . .
vector pBIN19 and transformed inpt-1andspt-2mutant plants by Fig. 3B) (Ni et al., 1998). SPT is less closely related to proteins

infiltration with Agrobacterium tumefaciens that regulate anthocyanin biosynthesis in plants (B-peru, R-1c,
DEL and JAF13; 21-23 amino acids identical), the rd22BP1
In situ hybridization protein that regulates response to dehydration and abscisic acid

Plant tissues were fixed, embedded in paraffin wax and sectioned ttgatment inArabidopsis and a regulator of phaseolin seed
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Fig. 1. The chromosome walk to YAC EG 7G11

SPTfrom AP2 Plasmid pLE7.2 n
(containingAP2) hybridized to YAC coMiL
EG 7G11. The left end of this (bla AMH3
box) identified two RFLPs (central
vertical arrow) that were not
separated from th&PTlocus by
recombination breakpoints betwet PLE72 85 3 B 32 B DB B v A
SPTand the two flanking lochP2

(0/6 recombinants) anANT (0/13- : EcoRI 6/6 Hhal 0/6  Sspl 0/ (13-17) Pstl 1/ (13-17)

17 recombinants). A contig of the I I A
candidate region was generated AP2 SPT —> ANT
involving phage clonesMH3,

AMH1, AMH2 and the cosmid Proximal ‘ka‘ Distal
cosMH1. RFLPs detected by

marginal subclones from this contig (left and right vertical arrows) indicated that the candidate region had been spanoBi/Se\&85
(encoding a putative bHLH), 3.7 (unknown), 3.1 (unknown), 3.2 (protein kinase), 1.5 (RNA binding), 1.1 (not sequenced)rotd 1.29
sequenced) were isolated and mapped within the contig (1.1 and 1.29 partially mapped). Sequencing of the gene correfpdAding to
revealed three different mutations corresponding to three independently isplatieles.

AMH 2 AMH1

storage proteins (PG1). Searches using SPT sequences oultt
the bHLH domain revealed no significant similarity to any
other proteins.

SPT expression in the wild-type gynoecium
SPTexpression was monitored in developing flowers using ir
situ hybridisation (Fig. 4A). From floral stage 8PT is .
expressed in an inverted conical domain at the apex of the flot i
meristem. Judging from its location and shape, this may refle é
the anlage of the gynoecial cylinder. The cone-shaped patte 1
becomes refined by stage 6 as seen in longitudinal (Fig. 41
and transverse (Fig. 4C,D) sections. At this stage expression
most intense in medial regions that correspond to the margii .
of the two co-joined carpel primordia (Fig. 4C). wild type  spt-2 spt-2
As the gynoecial cylinder elongates vertically during stage complemented
7, SPTexpression becomes fully localised to medial domains

Expression is limited to internal regions (Flg._4E) except at thgig_ 2. Complementation of thept-2mutant. In thespt-2mutant

apex where it extends to the outer surface (Fig. 4A, left flowerjjique (centre), septum development is restricted to the basal half

During late stage 8, as adaxial cells within these medial regiongd seed set is limited to the apex. In the silique of a complemented

undergo periclinal divisions to form the medial rid@RT  spt-2mutant plant (right) the carpels are fully fused, the internal

expression becomes restricted to a small number of cells at theptum is restored, and the siliques are of similar length to the wild

leading edge of this outgrowth (Fig. 4F). During stages 9-11type (left).

expression occurs throughout the developing septum that arises

from this ridge (Fig. 4G-l), including the differentiating

transmitting tract cells (Fig. 4H,l). Stigmatic papillae alsobecomes restricted to the margins of the valves in cells that will

expressSPT from their inception (Fig. 41). By stage 12, later become the valve dehiscence zone (Fig. 4M).

however, expression dissipates in the septum and the stigmalo summarise SPT expression within the gynoecium is

(data not shown). detected in the initiating and developing medial regions, and
Within the gynoecium, expression is also detected irthen in the developing septum and stig@RTexpression also

initiating ovule primordia (Fig. 4G). Later, signal becomesoccurs in sub-regions of developing ovules, and in the wall and

restricted to the epidermis of the developing funiculus and idehiscence zone of the maturing fruit.

the cells that give rise to the integuments (Fig. 4H). As the

inner and outer integuments lengtheB8PT expression SPTis widely expressed in other tissues

appears strongest in the cells that are elongating at their tidthough the spt mutant phenotype is limited to the

(Fig. 4J). Expression also appears in the megaspore mothgrmoecium,SPTis also expressed in many other tissues.

cell before it undergoes meiosis. After fertilizatioBPT Considering developing floral organs from stageS®,T
expression remains distally in the funiculus at least until stageeanscripts are apparently absent in sepals, but weak expression
15 (Fig. 4K). appears in the initiating petals and stamens. As the petals

At stage 12 (just before anthes&PTexpression becomes develop during stages 7-12, this weak expression persists (Fig.
detectable throughout the valve regions of the carpel walkN) but becomes restricted to the adaxial epidermis (Fig. 40).
(excluding the epidermis and vascular bundles; Fig. 4L)Expression also persists early within the developing stamens
During growth of the silique, this expression gradually(Fig. 4D) but then quickly fades. Expression reappears in the
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vicinity of the archesporial cells by stage 7 (Fig. 4P) and then The same serial sections (Fig. 5A-D) allow the pattern of
intensifies in the cells undergoing divisions to produce thexpression in developing flower primordia to be mapped up to
sporogenous and secondary parietal cells of the anther loculgisige 4 SPTexpression first appears in stage 2 primordia, in
during stage 8 (Fig. 4Q). Expression continues in the cells divo domains that may correspond to the presumptive abaxial
the tapetum and microspore mother cells but then fades asd adaxial sepal anlagen (bud P5 in Fig. 5B). During stage 3,
meiosis is initiated. By stage 12, weak expression is alsexpression how appears to be absent in the initiating sepals but
detectable in the stomium regions (Fig. 4R) and in thét is present throughout the region interior to them (buds P7
filaments.

SPTexpression was also detected wii
the shoot apical meristem, during b A
vegetative and an inflorescence stages

4A). This was investigated further CTTTTTTTTTGT TGTTGG GT AAT GATATCACAGAGAGAAGAAAGAGAAGAGAAGAAGCA 60

P

examining serial transverse sections of M1 s QREE R EE_ KK Q1B
i i i 61 GAGAGT GATGG@GATAAGAAATTGATTTCATCTTCTTCTTCTTCCTCGE TTACGATAC 120
!nflorescen_ce apex (Fl_g. BPTexpressiol 1 TRV DDRFRIIF TSI R 5
is strong in the peripheral zone of 121 TCGTATCAATCATCATCTTCATCATCCFCCGTCTTCTTCOZBACGAAATCTCTO&&TT%CQF ko
meristem, occurring continuously from % R 1N HHLHHPPSS S D EI 53
i i i 181 CCGCCATATTTTCGACGSTTCTTCTCCFTTACCFTCTTACTACTCCC(GCCGACGACTAC 240
\‘j\'j’i'tﬂier:”t}']?s‘:‘e’ggntoe;gfesgfopnegeﬂtmhs"E s CROHLE D RS S RS IR
X ' : i 241 AACGACGGGTCTTTGATTGG GT GCACGS BEOGG GACGRACATGRAGATAACT 300
particularly strong in locations tt 74 FERTEL g S S BCFPA KD €% o
301 AAGTCTCGTTTCTCATCATC(ACCGTCAGATTCTGTGCTTATGTCGAAACGTGTCGG\GA 360

correspond to anlagen of three succes oL AAGTCTCGT TTCTCATCATCCACCETCAGATTCTGT GCTTATGTCGARAOCTCT CCAAGE - 360

flower buds yet to arise (F3, P-2 and P- 361 TTTCTgTGAGGTTTAATCGé?:’:GgGngAGg:TOA(I:GBCGBCGTGTTTTG(ITTCTC 420

1in Fig. 5C). In contrast, expression is w us F E VLI S A A Cég F Rgstcg S 1
i i i 121 CGEGAGAAATAATAACAACGT TCAAGGAAATAGCTCTGGBCTOCAGT ATGATCTTC 480
't?] tthe_ﬁlrélagel of tgg nex;[jfloral ﬁ)rldmc&r_dn 13 G G G NNNINRNVOQGNSSGCTRV SS'S 15
at will develop (P0), and is excluded in 481 TTCOSTTGG’\GCTAGTGG:AACGAGACAGATGAGTATGACTGTGAAAGCGAdG\AGCAGG 540
three latest floral primordia that he 1« SV GA'S GNETTDTETYTDT CETSTETEG G 173
i 541 AGAAGCTGTAGT TGATGAAGCTCCOCTTCOMGTCAGG CCTTCTTCTOGTAGTTCATC 600

already arisen (P1, P2 and P3). m EAVVDEAPSSKSGPSSTRKSSS s
601 TAQAAEATSCA%AGCTGCTGAAGTTCATAATCTCTCTGAGAAdAGG\Gé\ REAAT 660

194 A A E V H N_ L S E K R R R S R 213

Fig. 3. Sequence of thePTcoding region and 1 TAATGAAARAR GARMCCTTTACAAGTCTCATCCAATTCAMMTAAGACGGATAAGG, 720
analysis of the predicted protein product. 721 TTCAATGCTTGATGAAGC CATTGAGT ATCT GAAACAGCT TCAGCT CAAGTTCAGATGTT 780
(A) Nucleotide sequence of cDNA 9 and the 23¢ [SM_ L D E AT E Y L KOQTL]QL QV QM L =2

deducgd amino ac'id sequence (GenBank N ;gi @?TQTG%A%TG%TWE%TCQTEGSTTEACQGMTA?ATEACQCC& 2‘7‘2

accession number: AF319540). Intron positions

o tri 841 ATTGCAACTCTCTCAGAT TCGACCCCTGAAGCAACCAATGATCCTCTGCTTAATCATAC 900

are denoted _bysc_)lldtrlanglesandthe aa LG LSO TRUFTP R CREFINTD P LU N R Y 203
polyadenylation sites for CDNA 3.5 and CONAS 40, cAATCAGTTTGCTTOGACTTCTAATGCACCGGAAAT GATCAATACTGT GECTTCTTCATA 960
by open triangles. The location of the bHLH 24 N Q F A S TSN NAPTEM I NTV A S S Y a3
domain (boxed) and putative bipartite NLS 961 CGCTTTGARACCTTCTAT TCGCAGTCACTTTGGACCT TICCOCTCCTTACTTCACCAST 1020
3a A LEP ST RSHFGP FP L LTS PV am

(solid underline) are shown as well as a

; ; i 1021 CAGATGAGTCG GBAGGE GGG TAACTCATCCAAG G TGAACATTGGICATTCOAACGS 1080
predicted charged helix (dashed underline) and 354 Y £ 7S RoB 6 LR VBLONT o sYNTE 383

an amphipathic helix (dotted underlined). The 105, s aACATAACGTGGBACAAGCTCTGTTTGATGGACAACCTGACCTAAA/GATCGAATTAC 1140
nucleotide and predicted amino acid changes 3sa N I T GE QAL FDG GO QPTDTLIKTDTRTI T a3
corresponding to the threptmutations are 1341 TTGAACAGTGTCCQMACTTCGG@TCTCTATGTGTTCTTGTTTCT TAGAACGCAAGCCAT | 1200
shown above the nucleotide sequence. (For each ,,,; AAAGCTGTCTGACAATGGAGATGCATTTAACTGTCTTTATTTTTTCTAAGG TCTATTTA 1260
allele, genomic DNA from positionsl79 to CONA 3.5 poly A

+1862 was fully sequenced, and no other 1261 AAATCAATTGTTGGGACACGAATTCTAGAGTC AATCTTTTGAATCTAATAGCTATATA 1320
changes were detected.) (B) Alignmentof the 1551 TAAAAGGACTGAAATTTTATTACAAAGTAATTGACTAATTGTTAGATTGT TGTATGITT 1380

bHLH domain from SPT and a number of CDNA 5 poly Ey
characterized proteins from plants, animals and 13! ATGG@GGTGTAAATTTTCTAGATCATCTTCGTATTGTATTTGAGAGT TTGATACTCGAT 1440
yeast. The proteins include PHYTOCHROME 144
INTERACTING FACTORS3 (PIF3) from
Arabidopsig(Ni et al., 1998); four genes that

regulate anthocyanin synthesis (DELILA (DEL) B
from Antirrhinum (Goodrich et al., 1992), .
JAF13 fromPetunia(Quattrocchio et al., 1998),

B-peru from maize (Radicella et al., 1991), R-lc

from maize (Perrot and Cone, 1989)); phaseolin SPT
G-box binding protein (PG1) from bean PIF3
(Kawagoe and Murai, 1996); rd22 binding DEL
protein (rd22BP1) fromi\rabidopsis(Abe et al.,
1997); cMYC from humans (Bernard et al., R
1983); and Centromere Binding Factor (CBF1) pg
from yeast (Cai and Davis, 1990). Amino acids rd22BP1
conserved between SPT and other proteins are c¢MYC
shaded. CBF1

GETTTGRATATGTAAATTACCCCATAAGCTTCTAGAGAAGTI TTTCGATTCT 1493

—
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and P8 in Fig. 5A). Within this region, expression now fallsfeatures including stigmatic and septal tissue. However, when
away in the central zone, leading to the inverted cone d8PTis mutant in addition t&\G, as inap2-2 ag-1 spt-2riple
expression seen in stage 5 buds (discussed above, Fig. 4B)mutants, all the marginal pollen tract tissues such as stigma and
SPTexpression was also detected in young leaves, stipulesgptum are lost and the organs closely resemble leaves (Alvarez
maturing pith cells of the stem, in differentiating vascular cellsand Smyth, 1999). These data indicate that despite the loss of

and in the lateral root cap (results not shown). AG activity, SPT remains active and is necessary for the
o _ development of most of the remaining carpel features.

SPT expression is not dlrectly controlled by SPT or This proposa| was confirmed, as the pattern SHT

CRC expression imp2-2 ag-Icarpelloid organs (Fig. 61) was similar

To determine if SPT positively regulates its own transcriptionto that in ap2-2 single mutants (Fig. 6G,H). Even s8PT
its expression was examined in developing gynoecispt?  expression was less intense in #p2-2 ag-lorgans, and this
mutants. Before any mutant disruptions to growth areeduction is associated with the somewhat reduced degree of
observed, expression appears to match that in the wild tymarpelloidy seen in the doubly mutant organs. In addiSéiT,
(Fig. 6A). After stage 7, expression is reduced but this islid not accumulate at the apex where the stylar prominence is
directly correlated with the reduced growth or absence dhcking as a consequence of the loss of AG activity (Alvarez
tissues inspt mutants (Fig. 6B). By stage 11, expression wasand Smyth, 1999). Taken together, these results show that SPT
detected only occasionally in the epidermal cells of the unfusezhn act independently of AG, but that its expression is supported
spt-2septum (Fig. 6C). Also, no changes in expression werto some degree by coincideG expression.
seen in tissues unaffected by loss of SPT function. Thus it o )
seems likely thaSPTexpression is not autoregulated. SPT expression is negatively regulated by the ETTIN

The CRABS CLAVgene product apparently acts to suppres§ene product
the radial growth of carpels while promoting their longitudinalettin (etf) mutant gynoecia exhibit developmental defects
growth (Alvarez and Smyth, 1999¢rc mutant carpels are including the ectopic development of stigmatic and
unfused towards the apex, and pollen tract tissue developmerdansmitting tract tissue at the expense of carpel wall tissue
is reduced somewhat. Strikingtyc sptdouble mutants exhibit (Sessions and Zambryski, 1995; Sessions, 1997; Fig. 7A,C).
a much more dramatic loss of carpel fusion and pollen tradhterestingly, spt is largely epistatic toett in this regard
tissue than either single mutant, suggesting that the function @Alvarez and Smyth, 1998; Fig. 7B-D). To test if this abnormal
these genes overlap somewhat (Alvarez and Smyth 1999)ssue development results from ectoET expression, its
Genetic evidence indicates that this occurs in part by thexpression pattern was examined in the developing gynoecia
promotion of SPT activity by CRC function. To test this, of ett-3 mutant flowers.
SPTexpression was examined énc-1 mutants. The level of Ectopic transcripts ofSPT were apparent throughout
expression during stage 6-8 appeared similar to wild type (Figryynoecium development. As early as stag8mT expression
6D). The observed reduction 8PTexpression at later stages appeared more intense in the lateral regions of the primordium
seems to be attributable to reduction in septum and transmittitigan in wild type (Fig. 7E, compare Fig. 4C). Ectopic
tract development (Fig. 6E, F). Thus it seems that CRC doexpression became more obvious during stage 7, when it was

not directly regulat&SPTtranscription. detected in abaxial cells (Fig. 7F) which, by stage 8, appeared
o ) _ to be undergoing periclinal divisions (Fig. 7G). As ectopic

SPT expression is negatively regulated by AP2 in outgrowths of style and stigmatic tissue develop towards the

first whorl organs apex during stage 18P Texpression remains restricted to the

Genetic evidence suggests that AP2 negatively regulates tbater, periclinally dividing cell layers (Fig. 7H). The layers
expression o8PTin the first whorl (Alvarez and Smyth, 1999). underlying these appear to be stylar cells rather than valve
In ap2-2 mutants, the first whorl medial organs contain alltissue. Together, these observations are simply explained if
cell types present in wild-type carpels, including septumETT normally preventSPTexpression in sub-regions of the
transmitting tract and stigmatic cells that are controlled by SPWild-type gynoecium.
However, unlike normal carpels, unfused carpels develop a In addition to ectopic septum and stigma cedlis,mutant
flange of ectopic stigma tissue from their lateral margins agynoecia develop a stalk or gynophore in the basal region at
well as on top. the expense of ovary tissue (Sessions and Zambryski, 1995;
In unfused medial carpels ap2-2mutants SPTtranscripts  Sessions, 1997; Fig. 7C). Longitudinal sections reveal that
were detected in all those tissues, and their precursors, thathough SPT expression does not occur in the extending
normally expres$SPTin the wild-type gynoecium (Fig. 6G). gynophore from stage 7 onwards (Fig. 7K,L), it does extend to
Further, the ectopic development of stigmatic papillae ishe base of the gynoecial primordium at stage 6 (Fig. 71,J).
associated with ectopic expressiorSéfTalong the outer edge  The epistasis ofspt over ett (Fig. 7A-D) provides an
(Fig. 6H). These results confirm that AP2 normally preventspportunity to define the early domain of ectopic SPT expression

expression oEPTin the first whorl. in the ett sptdouble mutant gynoecial primordium without the
_ ) o confounding morphological aberrations seen in dttesingle
SPTis expressed in the absence of AG activity mutant. During stage &PT expression occurs in its normal

The role ofAG in carpel development has been inferred in parmedial domain, and also ectopically in a ring that encircles the
by assessing its role in controlling development of the ectopiprimordium (Fig. 7M). Significantly, this ring corresponds to the

carpels that develop in the first whorlagg2 mutants (Bowman domain of ETT expression at this stage (Sessions et al., 1997).
etal., 1991). Interestingly, whéG is in mutant form in addition Later, ectopic expression is maintained in abaxial regions,
to AP2 the outer whorl organs frequently retain many carpeélthough it becomes more patchy (Figs 7N-P). This expression
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Fig. 4. SPTexpression patterns in wild-type floral tissues. (A) Longitudinal section of an inflorescence, showing the inflorescence meristem
(im) and medial views of stage 7 and 8 flowers. (B) Medial longitudinal section of a stage 6 bud (ad se, adaxial sepalxiab sspalp

(C,D) Transverse sections of a stage 6 bud (m st, medial stamens; | st, lateral stamens). Signal at the apex of theigymdesial(@) is
strongest in the medial regions (arrows). A transverse sectipm2¥elow that shown in C shows expression in the stamen primordia and in a
domain at the centre of the bud (D). (E-H) Transverse sections of gynoecia at stage 7 (E), stage 8 (F), stage 10 (GLdht] gtage
transmitting tract). (I) Glancing longitudinal section of the apex of a stage 11 gynoecium showing expression within fiegistigioa

(arrow). (J) Ovules of a stage 12 gynoecium showing expression in the cell at the tips of the inner integuments (arrowgitudnl

sections of developing seeds at stage 15. (L) Transverse section of a stage 13 gynoecium. (M) Transverse section oétiemuédiatage

17 siliqgue showing expression in the dehiscence zone (arrows). (N) Transverse section of a stage 8 flower showing expegssiah in
primordia (arrows; fi, filament; g, gynoecium; se, sepal). (O) Transverse section of a stage 11 petal. (P) Transversa s¢agjery ainther
showing expression in the parietal and sporogenous cell layers (arrows). (Q) Transverse section of a stage 8 antheer¢Rs€ctiasvof a
stage 12 anther showing expression in the stomium (arrow). Baus 258,C-F,J,N,P,Q); 1@m (B); 50um (G-I, K-M,0); 100um (R).

occurs in regions where ectopic outgrowth occuettidsingle  family that includes c-Myc. This family is relatively ancient,
mutants, but such outgrowths are absent ispi ett-3ouble  dating back at least to the common ancestor of plants, animals
mutant. Thus at this stage of development, ect®RT and fungi. In animals, many family members are known to
expression is apparently required to promote these ectopict in regulatory networks that control cell proliferation and
outgrowths rather than being simply associated with them. the generation of specific cell types, including components

Interactions between ETT arf@PTwithin the flower seem of myogenesis, neurogenesis, sex determination and
to be limited to the gynoecium as we observed no differencdsematopoiesis (Littlewood and Evan, 1998). By cont&i2T,
in SPTexpression in other floral organseit-3 mutants. is one of the first bHLH transcription factors to be identified

in plants that controls morphogenetic processes.
Of plant bHLH proteins whose function has been established,

DISCUSSION many regulate anthocyanin biosynthesis (DEL, JAF13, B-peru
_ o and R-1c; Fig. 3B). Other characterised functions include
SPTis a novel bHLH transcription factor regulation of response to abscisic acid and dehydration

SPTencodes a transcription factor of the well-known bHLH(rd22BP1), and regulation of the expression of seed storage genes
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Fig. 5. SPTexpression pattern in serial transverse sections of an inflorescence meristem. Bud primordia are numbered according to their
relative age from P1 to P8. Bud anlagen are number&it® P0O. Expression is high in the anlagen of flowers and sepals, but falls away as they
initiate. (A) Section at the apex showing expression in the peripheral zone of the inflorescence meristem (im). Expressited is@xcthe
developing medial sepals (se) of two stage 3 buds corresponding to P7 and P8. (B) Sewstimridv A. Expression is weaker in the central

zone of the inflorescence meristem, and is excluded from the youngest floral primordia (P1, P2 and P3) on its flanks. Bxpeestige i2

bud (P5) occurs in two domains corresponding to anlagen of the abaxial sepal (se) and the inner adaxial sepal. (C) &idrsstialdng
expression concentrated in regions destined to form flower primorei®, -2 and P-1). (D) Last serial section showing attenuation of
expression deeper in the inflorescence meristem. (E) Diagram indicating the relative ages of the floral primordia shown to R3) §Ra

the expression d8PTin the peripheral zone (pink). Bar, ffn.

(PG1; Fig. 3B). All these proteins share a region of homologpccurs further downstream at codon 149 (Fig. 3A), so re-
amino terminal to their bHLH domains. In B-peru, this regioninitiation may not occur in this case. The other strong mutant
interacts with the Myb transcription factor C1, at least in yeastllele, spt-2 results in an arginine to lysine substitution in
cells (Goff et al., 1992). rd22BP1 is also thought to interact witlthe basic region (Fig. 3A). Significantly, although this is a
the myb protein AtMYB2 to activate a putative target gel22  conservative substitution, it abolishes DNA binding for a
(Abe et al., 1997). SPT does not contain this N-terminal domainumber of other bHLH proteins, including E12 (Sieber and
and so is unlikely to interact with a MYB partner in this way. Allemann, 1998), E47 (Moronova and Baltimore, 1990) and
The bHLH protein most closely related to SPT TFEB (Fisher et al., 1993).
PHYTOCHROME INTERACTING FACTOR3 (PIF3) from
Arabidopsis also lacks such conserved amino-terminalSPATULA functions directly to promote proliferation
sequences. Instead, PIF3 contains an N-terminal PAS doma®h specific tissues within the gynoecium
that is thought to mediate a direct interaction between PIF3 aRly matching SPT expression patterns withpt mutational
phyA and phyB (Ni et al., 1998). Again, SPT lacks such a PAS8isruptions in the developing gynoecium (Alvarez and Smyth,
domain and there seem to be few if, any parallels, in SPT ari®99), we conclude that SPT function directly promotes the
PIF3 functions. growth of medial regions where the two carpels are

_ ) congenitally fused. Growth is retarded specifically in these
Mutant spt phenotypes and associated mutational

changes
Despite having the weakest known phenotypespttel mutant R & -~
allele is predicted to generate a truncated protein of just £ + %% o) -"-_z.
amino acids (Fig. 3A). Perhappt-1translation re-initiates at " e YA S A
codon 107, similar to the re-initiation event seen in translatio 3 ,-'
of the bHLH protein R-Ic of maize (Damiani and Wessler,' ;3" “* -
1993). The stop codon associated with the stepieBallele e a2

A stz —
Fig. 6. SPTexpression irspt, crc, ap2andap2 aggynoecia. & 5 '. ;" iy
(A-C) Transverse sections spt-2gynoecia at stage 8 (A), stage 10 !ﬁ- G'M 3,

(B) and stage 12 (C). Note absence of expression between the ovule #= " o
primordia in B (arrows), and faint expression in the epidermis of the ¢ E‘%‘.‘“ i
unfused septum in C (arrows). (D-F) Transverse sectioos df N e T edirny
gynoecia at stage 8 (D), stage 10 (E) and stage 12 (F) SRdte Q 'Qigrq-f PO S
expression in the septal cells and carpel walls in F (arrows). ==
(G) Transverse section through tap2-2flowers at stage 6 and 6
stage 7 showing expression in the first whorl carpel margins
(arrows). (H) Transverse section of@p2-2first whorl carpel at the @

stage when the ovules are initiated. Note expression corresponding lﬁ?

the position of the developing ovules (ov), septum (sp) and stigmatic =

tissues (sg). (I) Transverse section oBp@-2 ag-ldouble mutant . '_ : .
flower. Weak expression is detected in the margins of carpelloid ﬁ " ap2-2
leaves (ca). Bars, 38m (A,B,D,E,H); 50um (1,G); 100um (C,F). : ;

Vg

:_,' ié?ﬂ.
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regions as the newly arising gynoecium begins to elongatsilique in a pattern that resembles that ofSHATTERPROOF
Later, development of the internal gynoecial ridge and septutdADS genes $HPlandSHP2 Savidge et al., 1995; Flanagan
is also compromised, and stylar and stigmatic cells aret al., 1996; Férrandiz et al., 2000). Inp% shp2double
less abundantSPTis expressed specifically in these regionsmutants, cells at the borders of the carpels fail to differentiate
throughout their development, suggesting that SPT actppropriately and do not become lignified, which in turn
directly and cell autonomously to promote their growth, angrevents pod shatter (Liljegren et al., 2000). Valve dehiscence
that SPT function is required continuously. is not affected irspt mutants, and SPT may play a redundant
There is only one cell type that absolutely requires SPTole downstream of the SHP proteins.
function. Transmitting tract cells that produce extra-cellular ] .
matrix within the style and septum do not arise in strspig ~ The regulation of - SPT expression by CRC, AP2 and
mutants (Alvarez and Smyth, 1999PTis expressed within AG
these cells continuously as they grow and as they mature in tlur results indicate that CRC does not regul&eT
wild type, suggesting that SPT is absolutely required for theiexpression directly. The level &PT transcription seems
differentiation as well as for the cell proliferation that generatesnaffected in tissues that arise normallyio mutant plants.
them. The CRCgene encodes a YABBY family transcription factor
As the gynoecium develops into the mature siliggeTis  that is expressed in lateral regions of the initiating
expressed in the ovary wall. Ispt mutants, the silique is gynoecium, and later in its walls and epidermis (Bowman and
shorter than in the wild type, suggesting that here, too, SPEmyth, 1999). Thus its expression domain does not overlap
function normally promotes growth. From stage BRT  with that of SPT, consistent with the lack of a direct effect.
expression in the ovary wall parallels that of the MADS boxA corollary of this is that the boost to CRC transcription seen
geneFRUITFULL (FUL; Mandel and Yanofsky, 1995; Gu et in spt mutant gynoecia (Bowman and Smyth, 1999) is also
al., 1998), and these two genes may share regulatory functiotigely to be indirect. Such indirect downstream effects could
account for the more severe phenotypic disruptions seen in
SPATULA may redundantly control growth and spt crcdouble mutants, and icrc mutants carrying only one
dehiscence in other tissues copy of the activeSPTgene (Alvarez and Smyth, 1999).
SPTis expressed in many other tissues of the plant, although Likewise, SPTexpression is not absolutely dependent upon
the lack of mutant disruption in these regions shows that SPAG function even though their expression domains are
function is not necessary. That SPT is likely to have redundawbincident early in gynoecium development (Liu et al., 2000).
functions is not surprising given that it belongs to a gene familidowever, we have shown that the negative regulatid®R3f
estimated to contain 100 memberdAiabidopsis(Reichmann  expression in first whorl floral organs is dependent upon the
and Ratcliffe, 2000)Furthermore, the ability of these proteins function of theAP2 gene. This negative control also applies
to function as heterodimers suggests that SPT function may be AG (Drews et al., 1991) an@RC (Bowman and Smyth,
differentially specified in different tissues through dimerization1999).
with a range of distinct partners, as is commonly the case for S
animals bHLH proteins (Littlewood and Evan, 1998). Consequences of SPT activity in  ett mutants
Many of the tissues in whicBPTis expressed are actively In ett mutants SPTis ectopically expressed on the outer surface
growing. Within the flower,SPT expression is present in of the developing gynoecium as well as internally. Later
proliferating cells within ovule primordia, in the lengtheningthis abaxial expression is specifically associated with the
funiculus and in elongating cells of the integuments. It igproliferation and differentiation of transmitting tract and
present in developing petals throughout their growth. Stamestigmatic cells that appear on this surfacetimutants (Sessions
primordia, too, expresSPT, as do growing sub-regions of the and Zambryski, 1995; Sessions, 1997). Thus, our results suggest
maturing anther. that ETT patterns gynoecium tissues in part by partitioBing
Within the inflorescence meristel@PTis expressed in the expression, which in turn specifies distinct cell fates.
peripheral zone, but not in newly arising primordia. This The situation in more basal regions of #tegynoecium is
pattern shows parallels with that of the homeodomain geness clear. Instead of valve tissue, a stalk or gynophore
SHOOT MERISTEMLESSTM Long et al., 1996). STM has develops. Interestingly, this aspect of #igphenotype is also
been proposed to maintain a population of undifferentiatedubstantially suppressed by the loss of SPT function. Because
cells within the meristem (Endrizzi et al., 1996), a function nd&SPTexpression is not detected during the development of the
longer required when primordia arise. Unli& M however, gynophore after stage 6, either SPT activity promotes its
particularly strongSPT expression seems to be specifically growth before stage 7, or SPT controls its development non-
associated with locations deeper within the meristem wher@utonomously.
several successive flower primordia are destined to arise. SPTETTIN has been proposed to control apical-basal patterning
might play a role in defining these positions and promotingf the gynoecium by controlling the position of two radial
their growth. Interestingly, the pattern 8PT expression in  boundaries (Sessions, 1997; Sessions et al., 1997). These
young flower primordia as sepals arise, and as carpels arismundaries are proposed to shift as a consequence of loss of
shows parallels with the inflorescence expression pattern. ETTIN function. However, boundaries between tissue types are
Another common theme associated WBRTexpression is  apparently close to normal @it mutants, providingptis also
cell separation. We localis&PTexpression to the stomium of mutant (Alvarez and Smyth, 1998). Hence our results suggest
the anther, the abscission zone within the funiculus, and thbat the distortions to pattern formation seenethsingle
dehiscence zone of the silique. In the last caBdexpression mutants are largely a secondary consequence of e@&dic
becomes restricted to the edges of the valves of the maturiegpression.
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Fig. 7.Interactions betweespt-2andett-3
(A-D) Scanning electron micrographs of
dissected stage 12 flowers of the wild type
(A), spt-2(B), ett-3(C) andett-3 spt-2AD).

Note unfused apex @&pt-2gynoecium (arrow
in B). In ett-3single mutants, note the
increase in stigma (sg), style (sy),transmitting -
tract (tt), and gynophore (gyn) tissues, and the g
reduction in valve (va) and replum (rep)
tissues, compared with the wild type (A).
Significantly, thesett-3disruptions are

mostly ameliorated in thett-3 spt-2double
mutant (arrow indicates remaining small
gynophore in D). (E-HBPTexpression in
transverse sections of developittr3
gynoecia at stage 6 (E), stage 7 (F), stage 8
(G), and stage 10 (HEPTis ectopically . i
expressed laterally from stage 6 (arrows in E) .'eﬂ-a
and later in abaxial proliferating cells (arrows E-:{ .

in G and H). (I-L)SPTexpression in
longitudinal sections of developirggt-3
gynoecia at stage 6 (1,J), stage 7 (K), and
stage 10 (L). | and J are representative
sections from a series through a stage 6
gynoecium in the medial and lateral planes,
respectivelySPTexpression is not detected J
within the developing gynophore (arrow in U, ke : o
K), but it increases towards the apex (arrow in | oft-3 s S st 6 et L !
L). (M-P) SPTexpression in transverse - e -

sections of developinett-3 spt-2double

mutant gynoecia at stage 6 (M), stage 7 (N),
stage 8 (O), and stage 10 (BPTis - A
ectopically expressed in an abaxial ring *
(arrows in M). After stage &PTexpression

is mostly restricted to the epidermis (arrows in \ YRR o

O and P). Bars, 28m (E,F,I-K,M-O); 50um M webberR 3 n . . e s, PRIy
(G,P); 100um (L); 200um (A-D). a2 TR o U i
ETTIN, auxin and SPT regulation cause a build up of auxin in apical regions, and an auxin

Is this control ofSPTexpression by ETT direct or indirect? Signalling pathway promoted by SPT may be strengthened
There is some evidence that it is direct. Firstly, during stagdd\emhauser et al., 2000). In contrast, treatment of gynoecia of
6-8 ETTis expressed in an abaxial cylinder within the wild-2an intermediatettmutant strengthens tleé¢mutant phenotype
type gynoecial primordium (Sessions et al., 1997). This patter_qﬁ\lemhauser et al., 2000)._ Given our r_esults, this enhancement
coincides closely with the pattern of ectoiBTexpression IS likely to be caused in part by increased ectopRT
in ettin mutants. Secondly, ETT is a member of the Auxin€xpression, perhaps in response to increased auxin
Response Factor (ARF) family (Sessions et al., 1997)oncentrations towards the apex. o
Characteristically such proteins bind TGTCTC motifs that It is now important to test whether or réfTexpression is
occur within Auxin Response Elements (AuxREs; Ulmasov ethduced by auxin, not only in developing gynoecia but also in
al., 1997; Ulmasov et al., 1999). Significantly several AuxREOther growing tissues whe&PTis expressed.

like elements occur within th®PTpromoter. We propose that

: .+~ ~John Alvarez provided insightful advice, stimulating discussion and
ETT may bind to such sequences and block SPT transcrlptlosr&pport throughout this project. John Bowman and Yuval Eshed

in the developing gynoecium. (In other parts of the plant, i oy \yith thoughtful discussions and providedsiie3allele. Jack
however, including the petals and stamens, this relationshigyamuro generously provided th&P2 clone. We thank Gerd

does not hold as tH8PTandETT expression patterns overlap; possinger, Nich Collins, Bob Elliott, Megan Grifiith, Michael

Sessions et al., 1997; this study.) Groszmann, Tetsuya Ishida and Cameron Johnson for their help and
AuxREs are known to confer auxin responsivenessterest. This work was supported by the Australian Research Council.

(Guilfoyle et al., 1998), suggesting that auxin may also regulate

SPTtranscript levels. Rather than ETT being involved here, it

seems more likely that other ARFs act to trigger SPTREFERENCES

expressiqn. This proposal is_sup'por_ted' by the recent ﬁn-din,goe H., Yamaguchi-Shinozaki, K., Urao, T., lwasaki, T., Hosokawa, D

that treatingsptmutant gynoecia with inhibitors of polar auxin " | Shinozaki, K.(1997). Role ofrabidopsisMyc and Myb homologs in

transport suppresses tept mutant phenotype, especially in grought- and abscisic acid-regulated gene expresBiant Cell9, 1859-
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