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SUMMARY

The ovules of Arabidopsis show polarity along the
proximal-distal and the adaxial-abaxial axis.NOZZLE, a
gene that encodes a novel protein an@ELL1, encoding a
homeodomain protein, play a vital role in pattern
formation along the proximal-distal axis. INNER NO

BELL1 is essential forINNER NO OUTER expression We
further analysed the expression of BELL1 and
AINTEGUMENTA in inner no outermutants and show that
the positive auto-regulatory control ofINNER NO OUTER
expression involves AINTEGUMENTA. Based on our

OUTER, which encodes a member of the YABBY family of
transcription factors and SUPERMAN, encoding a zinc
finger transcription factor, are essential for the
establishment and maintenance of adaxial-abaxial polarity.
To date, the co-ordination of patterning along these two
axes is unclear. Here we show thadflOZZLE plays a vital
role in pattern formation along the adaxial-abaxial axis as
well. We investigated the expression dNNER NO OUTER
in various mutant backgrounds and have identified
ABERRANT TESTA SHAPE and NOZZLE as spatial
regulators of INNER NO OUTER expression. In addition,
we show that NOZZLE and AINTEGUMENTA, which
encodes an AP2 domain transcription factor, regulate the
temporal expression of INNER NO OUTER and that

results we propose a model for adaxial-abaxial pattern
formation during ovule development. Our results indicate
that NOZZLE plays a central role in patterning both the
proximal-distal and the adaxial-abaxial axes. Furthermore,
negatively regulating INO expression in a temporal
manner, ensures that the adaxial-abaxial polarity is
established after the specification of the chalaza, a
proximal-distal axis pattern element. It therefore serves as
a molecular link between these processes during ovule
development inArabidopsis thaliana

Key words: Ovule development, Pattern formation, Organogenesis,
Arabidopsis thaliana, NOZZLE, INNER NO OUTER

INTRODUCTION (Esau, 1977; Schneitz et al., 1995). The nucellus at the distal
end harbours the megaspore mother cell (mmc) that undergoes
Organogenesis, the formation of an organ from a group aheiosis to eventually form the embryo sac. From the central
undifferentiated cells, is a precisely controlled process thatgion, referred to as chalaza, two integuments initiate that
results in a structure of a specific size and shape. This procesgntually envelop the nucellus and the growing embryo sac.
involves several sub-processes such as establishment Rrfoximally, the funiculus connects the ovule to the placenta.
identity, initiation and outgrowth, pattern formation andArabidopsisovules also show polarity along the adaxial-
morphogenesis. Achievement of the proper size and shape abaxial (Ad-Ab) axis. The initiation of the outer integument
an organ requires orchestration of all these activities and thisom the abaxial epidermis of the proximal chalaza visibly
represents one of the basic questions in developmental biologyarks the first sign of the polarity along the Ad-Ab axis in a
Ovules, the progenitors of seeds, are the female reproductideveloping ovule. The outer integument shows differences
organs of higher plants. Wrabidopsis thalianathey provide along the Ad-Ab axis not only in its initiation but also in its
an excellent model system to study organogenesis (Gassergebwth, as it grows more on the abaxial side than on the adaxial
al., 1998; Grossniklaus and Schneitz., 1998; Chevalier et abide. This high level growth on the abaxial side forces a
2002). InArabidopsis ovules develop from the placenta within curvature in the developing ovule, which in part results in its
the gynoecium composed of two fused carpEley arise as anatropy (Robinson-Beers et al., 1992; Schneitz et al., 1995).
finger-like protrusions, which are radially symmetrical. Yet, at How are these patterns set up and what are the underlying
maturity, ovules ofArabidopsisshow polarity in at least two molecular mechanisms? Genetic and molecular analysis have
axes of symmetry. Along the proximal-distal (PD) axis, threedentified several genes that play a role in pattern formation
morphologically distinct units can be observed in an ovulalong these two axeBELL1 (BEL1)encodes a homeodomain
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protein andbell mutants show abnormal outgrowths in placepattern formation (Gaiser et al., 1995; Sakai et al., 1995).
of integuments (Modrusan et al., 1994a; Ray et al., 1994nterestingly insup mutants, the outer integument initiates
Reiser et al., 1995; Schneitz et al., 1988L1is expressed properly, but grows equally on both adaxial and abaxial side
throughout the ovule primordia in the initial stages, but isuggesting thaBUP may be necessary for the maintenance
restricted to the central region before the initiation ofrather than the initial establishment of the Ad-Ab axis.
integuments, and thus marks the central region at a molecularThe orchestration of cell activities along the various axes of
level (Reiser et al., 1995). The biochemical nature of the BELfolarity is crucial for the proper development of any organ.
protein, the expression patternBEL1and thebellphenotype How is the co-ordination of cell activities along the PD and
makeBEL1an excellent candidate for patterning the PD axisAd-Ab axis achieved during ovule development? What is the
Recently we have reported the genetic analysiSiIOZZLE  molecular link between patterning along these two axes? How
(NZZ) and shown thalNZZ functions redundantly witBBEL1 is the expression dNO regulated in a spatial and temporal
in specifying the chalaza (Balasubramanian and Schneitmanner to ensure that such a co-ordination is achieved? Here
2000). In the ovules ofizz belldouble mutants no chalaza we report the expression patternsINfO in various mutant
structures are detectable and the tissue that is formed in thackgrounds and show how its transcription is regulated in a
central region resembles funiculus as seen by the epidermgdatial and temporal manner. We show that the co-ordination
cell morphologyNZZencodes a novel protein that plays a roleof BEL1, ANTandNZZ activities is required for the onset and
in both male and female reproductive developmentemporal expression dRNO.We show that at least three genes
(Balasubramanian and Schneitz, 2000; Schiefthaler et aNzZzZ, ATSandSUPregulate the spatial expressionldO. We
1999; Yang et al.,, 1999NZZ shows an antagonistic genetic present evidence thaiZZ and ATS spatially restrict the
interaction withAINTEGUMENTA (ANT)which encodes an expression ofNO to the abaxial epidermis. We further report
AP2 domain-containing transcription factor (Elliott et al.,the expression patterns &fNT in ino and nzz inodouble
1996; Klucher et al., 1996ANT controls cell proliferation and mutants and show that the positive auto-regulatory control of
organ size during ovule and flower development (Krizek, 1999NO expression (Villanueva et al., 1999) involvasIT. We
Krizek et al., 2000; Liu et al., 2000; Mizukami and Fischer,propose a model that summarises our findings and explains
2000; Schneitz et al., 1998). From our previous genetibow Ad-Ab patterning and outer integument development
analysis ofnzz,we proposed thaiZZ,through its interactions occurs during ovule developmentAnabidopsis Our analysis
with BEL1andANT,couples PD pattern formation and growth indicatesNZZ as a molecular link that orchestrates pattern
during ovule development in Arabidopsis thaliana formation along PD and Ad-Ab axis during ovule development
(Balasubramanian and Schneitz, 2000). in Arabidopsis.

What regulates the Ad-Ab pattern formation? Studies in
several species have identified many loci that regulate Ad-Ab
patterning during lateral organ formation. Analysis of mutantMATERIALS AND METHODS
like phantastica (phandf Antirrhinum, leafbladeless (Ibl1f
maize, laml of Nicotiana and argonaute (agol),
pinhead/zwille (pnh/zll), phabulosa (phdmdphavoluta (phv)

Ogﬁégb'?gﬁgfehz\ézxﬁgﬂ\?gl ;2?; Egghcrgrergsgtogldqugvg_ldl_tﬁﬂe eynh. var. Landsberg(ectamutant) was used as a wild-type strain.
9 p " LY r the double mutant analysis and in situ expression analysis the
al., 1999; McConnell and Barton., 1998; McConnell et al.f)iowing mutant alleles were usedzz-2, ant-72F5, bel1-1460, ats,
2001; McHale and Marcotrigiano, 1998; Timmermans et aljno-2 and sup-5. All these mutant alleles have been described
1998; Waites and Hudson, 1995). Contrary to this, th@reviously.nzz-2is a putative null (Schiefthaler et al., 199at-
members of the YABBY gene family, which encode 72F5, bell-146&how a strong phenotypes comparable to null alleles
transcription factors, and thKANADI genes, which also of bellandant (Schneitz et al., 1997Yhe molecular nature of the
encode transcription factors, promote abaxial cell fatgingleatsallele is unknown sincATShas not yet been cloned (Leon-
(Bowman, 2000a; Eshed et al., 1999; Golz and Hudson, 199§!ooster2|el et al., 1994)no-2is a strong allele and has a defect that
Kerstetter et al., 2001; Siegfried et al., 1999). The members §jads to alternate splicing which in turn results in addition of 11
theYABBYgene’ family, are expressed ’in a polar manner at th ucleotides leading to a frame shift. This addition is unlikely to cause

. . defect in mRNA stability (Villanueva et al., 1998)p-5shows the
abaxial side of lateral organ&ANADI genes redundantly strong ovule phenotype and has been described previously (Gaiser et

promote abaxial cell fate possibly by negative regulation of thg; "1995) nzz-2 atslouble mutants were recognised by their novel
PHB/PHV mediated adaxial signaling. WheiANADI  phenotype in the expected segregation ratio. More than 20 double
function is compromised, adaxialised organs are formeehutant plants were analysed.
(Eshed et al., 2001). ) _ o

INNER NO OUTER (INOR member of th& ABBYfamily Scanning electron microscopy (SEM) and in situ
plays a vital role in Ad-Ab pattern formation during ovule hyPridisation _ _ _
development (Villanueva et al., 19990 mutants exhibit SEM and image processing has been described previously
ovules that lack the outer integument (Baker et al., 1997#Balasubramanian and Schneitz, 2000; Schiefthaler et al., 1999;

: P . Schneitz et al., 1998; Schneitz et al., 1997). The protocol for in situ
Schne_ltz Et. al., 1997) arlo 1_3Xpre55|on 1S detect_ed |_n_(_:el_ls hybridisation and th&NO, BEL1and ANT probes that were used in
that give rise to the outer integument before its initiatio

. . . .these experiments have also been described previously
(Villanueva et al., 1999). Therefore, it has been implicated ifgajasubramanian and Schneitz, 2000). In situ experiments were
the establishment and maintenance of this axis in ovulegepeated several times, with different batches of fixed material to rule
SUPERMAN (SUP),a gene that encodes a zinc fingerout the possibility of a negative result due to experimental or material
transcription factor, is another locus that regulates the Ad-Abatch differences. Furthermore, the sections of wild-type and the

Plant growth and mutant alleles

Plants were grown as described previously (Balasubramanian and
Schneitz, 2000; Schneitz et al., 1997) @rebidopsis thaliangL)
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mutant tissues were processed together in order to minimisend Schneitz, 2000). The outer integument initiates earlier than

experimental differences.

RESULTS

Wild-type ovule development

the inner integument and sometimes both integuments are
reduced (Fig. 1F,G arrow). lats mutants both integuments
initiate but the spacing between the integuments is reduced
(Fig. 1J). They soon fuse and develop as a single integument,
as a result of which, at maturity the nucellar and chalazal
regions appear ‘round’ compared to wild type (Fig. 1K,L). In

Ovule development in wild-typérabidopsisis very well  contrast to the single mutants of eitimez-2or ats, nzz-2 ats
documented (Modrusan et al., 1994b; Robinson-Beers et atiouble mutants show drastic differences in the development of
1992; Schneitz et al., 1995). Here we present a brief overviewie outer integument. Similar tozz-2 mutants, the outer

of the morphological distinctions that are visible along the PDntegument is initiated earlier than the inner integument (Fig.
and Ad-Ab axis during development. Ovules arise as fingertN) in nzz-2 atsdouble mutants. After initiation, the outer
like protrusions from the placental tissue of the carpels (Figntegument starts to grow on both the adaxial and the abaxial
1A). Around stage 2-1, a hypodermal cal!

enlarges and differentiates into the n
at the distal end thus marking
nucellus. The ovule primordia app
radially symmetrical at this stage (F
1A). The integuments show a temp
difference in their initiation. The inn
integument initiates earlier than the ol
integument. Around stage 2-ll, 1
initiation of the inner integument tak
place in a symmetrical manner from
distal chalaza (Fig. 1B). TI
establishment of the Ad-Ab axis is visi
with the initiation of the outer integume
at about stage 2-1ll (Fig. 1B). Few c¢
in the abaxial epidermis of the proxir
chalaza show a bulge at this stage.
enlarged epidermal cell undergoes a
division that produces a triangular tip ¢
Subsequent division of the two c¢
adjacent to this tip cell lead to two ¢
layers of the outer integument: the o
(abaxial) cell layer and the inner (adax
cell layer. The cells of the abaxial la
are more vacuolated than those of
adaxial cell layer (Schneitz et al., 19¢
In addition, the abaxial cell layer gro
more to encompass the adaxial cell le
Around stage 3-l, the outer integum
envelops the nucellus and the in
integument (Fig. 1C) and furtt
development results in the anatropy
can be observed at maturity (Fig. 1
The ovule is connected to the place
through the funiculus that carries
vascular strand.

Outer integument development in
nzz-2, ats, nzz-2 ats and sup-5
Ovule development inzz-2, atandsup-
5 has been described previou
(Balasubramanian and Schneitz, 2(
Gaiser et al., 1995; Léon-Kloosterzie
al., 1994; Schiefthaler et al., 1999). H
we present a brief summary of events
are relevant to our discussions belozz
mutants show pleiotropic defects dur
ovule development (Balasubramar

Fig. 1.Ovule development in wild type (A-Dihzz-2(E-H), ats(I-L), nzz-2 at{M-P) and
sup-5(Q-T). Stages: (A,E,I,M) 2-I; (B,F,J,N,Q) 2-II; (R) 2-1V; (C,G,K,0,S) 3-1V;

(D,H,L,P,T) 4-IV. The outer integument initiates earlier than the inner integument and is

visible before the inner integumentriaz-2(arrow in F). Adaxial growth of the outer

integument can be seenrinz atgarrows in O and P). Abaxial initiation of the outer

integument (arrows in Q and R) and the abnormal growth (arrows S and T) on the adaxial side
can be seen isup-5 nu, nucellus; ii, inner integument; oi, outer integument; fu, funiculus;

mp, micropile; pt, pollen tube; ad, adaxial; ab, abaxial. Scale bagsn20
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Fig. 2. Expression pattern édNO

during ovule development in wild type
(A-D), ant-72F5(E-H), ino-2 (I-L) and
bel1-1460(M-0O). P is a control section
hybridised with the sense probelNO.
Stages: (AE,I,M) 1-1/1l; (B,J,N,P) 2-I;
(F) 2-11; (C,D,K) 2-llI; (O) 2-1V; (G,L)

3-I; (H) 4-V. antmutants were staged

on the basis of their ovule, carpel and
anther developmental profile relative to
each othellNO expression can be
detected in cells that give rise to the
outer integument in wild type. The cell
that undergoes a division to form two
cell layers and the triangular tip cell
does not expreddlO (arrow in C).

Note the absence 81O expression in
the adaxial cell layer (arrow in D). Note
the absence dNO expression even at
the site of outer integument initiation in
ant-72F5(arrow in G).INO expression
can be detected at late stages (H,b) but
only in a few epidermal cells, similar to
the early stages in wild type. The
typical horseshoe appearance is not
present (arrow H,a). NNO expression
can be detected ino-2 (I-L) andbell-
1460(M-0O). Arrows in L indicate site

of outer integument initiation in wild
type. Arrows in O denote early chalazal ¥4
bulges inbel1-1460 Sense probe gave
no signals above background (P). Scale
bars: 20um.

side and fails to show the growth differences usually seen iexpression in wild type and various mutants during various
wild type (Fig. 10). Around stage 3-I, the growth of the outerstages of ovule development.

integument in the adaxial side is clearly visible (Fig. 10). ) ) ]

Further development of the outer integument in both adaxidixpression of INO during wild-type ovule

and abaxial side eventually results in a non-anatropous ovuf&velopment

that looks similar to the ovules sfip-3nutants (compare Fig. INO expression could be first detected at about stage 2-1 (Fig.
1P and 1T). The outer integument developmertip5is very ~ 2B). Around stage 2-1ll, when the outer integument initiation
similar to that observed inzz-2 atsdouble mutants (Fig. 1Q- becomes visibleNO expression is observed in the epidermal

T). cells that enlarge (Fig. 2C). Interestingly, the cell that
) o undergoes cell division to give rise to the triangular tip cell and

Expression patterns of  /INOin wild type, ant-72F5, subsequently the two cell layers, does not expife€s(Fig.

ino-2 and bel1-1460 2C arrow). Later during developmentNO expression is

Mutations in théNO locus lead to lack of the outer integument observed only in about 3-4 cells at the distal end of the abaxial
(Baker et al., 1997; Schneitz et al., 199K)O expression can cell layer of the outer integument. The adaxial cell layer of the
be detected in cells that will give rise to the outer integumenguter integument does not show dRY expression (Fig. 2D).
before its initiation, and therefore it is the earliest molecular ) ) )

manifestation of the Ad-Ab polarity (Villanueva et al., 1999). Expression of /NO during ovule developmentin  ant-

ino exhibits complex genetic interactions and several putativé2F5, ino-2 and bel1-1460

regulators oiNO expression have been reportB&EL1, ANT,  Sinceantandbellare genetically epistatic too (Baker et al.,
HUELLENLOS (HLL@andSUPwere suggested to be negative 1997), we tested wheth&NT andBEL1 are required for the
regulators ofINO expression (Villanueva et al., 1999). In temporal and spatial expression IO by analysingINO
contrast, we have previously reported the absenctNOf expression in ovules @int-72F5andbell-1460.n ant-72F5
expression irbell-1460andant-72F5mutants at about stage ovules,INO expression could not be detected until stage 3-1
2-1l (Balasubramanian and Schneitz, 2000). In order tdFig. 2E-G), and is detected only at about stage 4-V (Fig. 2H).
understand the regulation dNO expression and outer The expression is restricted to a few epidermal cells similar to
integument development, we undertook to analyd®  the wild-type expression dNO around stage 2-Il. In ovules
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Fig. 3. Expression pattern ¢NO during
ovule development inzz-2(A-D), ats(E,F),
sup-5(G,H) andnzz-2 atgl-L). Stages:
(A,G,1) 1-1l/2-1; (B,E,H,J) 2-II; (C) 2-1V,
(D,F,K) 3-I; (L) 3-IV. INO expression remair
unaltered imzz-2except that it might be
shifted distally by few cells as observed by
the shifting of the outer integument (A-D).
The tip cell does not sholMO expression as
in wild type (B arrow). The absence IdfO
expression at the adaxial side can be seer
atsmutants (arrow in E). The tip cell and tt
adaxial cell layer of the outer integument d
not showlNO expression irats mutants
(arrow in F). Insup-5early onset ofNO
expression is similar to wild type (arrow in
G), but around stage 2-1lINO expression
can be detected throughout the central rec
(arrow in H). In ovules ohzz-2 atsnutants,
INO expression is similar to wild type in mc
instances (arrow in |,a), but sometimes the
expression can be seen throughout the central region (arrow in 1,b). Instead of a ‘horseshoe appearance’ a complet®bisgroad inea
cross section through the central region nfz2 atslouble mutant (arrow in L,a). Scale bars:p@Q.

of bell-1460, INOexpression could not be detected at anythe site of outer integument, before its initiation (Fig. 3A). The
stage during development (Fig. 2M-O). We tested theuter integument initiates earlier imzz mutants (Fig. 1F),
expression ofNO in ino-2 mutants as well. We could not suggesting precociod8lO expression imzz With respect to
detect any expression ¢flO in ino-2 at any

stage in development (Fig. 2I-L) in accorda ... i o ey S e
with the findings of Villanueva et o ;p

(Villanueva et al., 1999).

Expression of INO during ovule
developmentin nzz-2, ats, sup and
nzz-2 ats

We tested if the differences that we obse
in the outer integument developmentnnz-Z
ats double mutants were reflected in a che
in INO expression by analysing its express
in nzz-2, ateandnzz-2 atsnutant background
In nzz-2 the expression dNO was detected .

Fig. 4. Expression oBEL1andANTIn ino-2, nzz-2
ino-2. (A-D) BEL1expression ifno-2. (E-H) ANT
expression ifno-2. (I-L) ANTexpression imzz-2
ino-2.(M,N) ANTexpression imzz-2,(0) ANT
expression ifbel1-1460 (P)BEL1expression irant-
72F5 Stages: (E,I) 1-1/1I; (A,F,J,M) 2-I; (B,G,N) 2-
II; (C,K) 2-lI; (D,H,0,P) 2-1V: (L) 3-IV. Note the
presence oBEL1expression at the site of outer
integument initiation inno-2 (arrows in B, C and D).
Around stage 2-1V, an absencefdfiT expression
can be observed at the site of outer integument
initiation inino-2 (arrows in H). No strong spot of
ANT expression can be detectedhizz-2 ino-2
(arrow in K). Note the presenceBEL1expression
in ant-72F5(P, arrow) andNT expression iell-
1460(0, arrow). Scale bars: 20n.
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Fig. 5. A genetic model for adaxial
abaxial pattern formation and oute
integument development during
ovule development iArabidopsis
thaliana.(A). Initiation of INO
expressionANTandNZZact
antagonistically and are needed f
the correct timing of the onset of
INO expressionBELlis a pre-
requisite foiNO expression.

(B) Feedback regulation diNO
expression. After initiationiNO
positively regulate&\NT expression
which in turn leads to positive
regulation oiINO andNZZ
expressionNZZin turn forms a
negative feedback oANT thereby
maintaining the levels ANT and
INO expression(C) Spatial
regulation ofiINO expression. The
dashed lines with a question mark
indicate that the interaction betwe
NZZ, ATSandSUPis unclear. Lines
with arrows indicate activation of
transcription. Lines with barred
ends represent an inhibitory input

A

ANT NZZ

N S

INO

?

BEL

expression, we asked whether this loop incluald$ or BEL1

by analysing their expression ino mutants. The expression

of BEL1is similar in wild type and imno suggesting that the
auto-regulatory loop does not invoM&EL1 (Fig. 4A-D).
Contrary to this, the expression ANT shows variations from
the wild-type expression pattern. While the expressiohNoF

is unaltered in other parts of the ovule, its expression in the
outer integument shows subtle differences (Fig. 4E-H). In wild
type, ANT is expressed in all the cells of the outer integument
during its initiation. Inino-2 mutants, the cells that would
normally have given rise to the outer integument do not show
strong expression OfANT (Fig. 4H), suggesting the
involvement ofANT in the auto-regulatory loop dNO. We
analysed whether the central regionsir and bell mutants
retain their identity usingBEL1 and ANT respectively, as
markers for central regioBEL1andANT stripes can be seen

in ant-72F5and bell-1460mutants, respectively, suggesting
that the central region retains the chalazal identity in these
mutants (Fig. 40,P). We have previously reported thaizin
mutants, a strong spot of epidern#alT expression can be
detected in cells that will give rise to the outer integument, and
that the strondNZZ expression is reduced at the site where
outer integument should be located imo mutants
(Balasubramanian and Schneitz, 2000) (Fig. 4M,N arrows). If
the ANT spot innzzis a result of the absence of negative
regulation byNZZ, via the positive auto-regulatory loop of
INO, then this spot should not be presennzz inodouble

the Ad-Ab axis, the expression tflO in nzz-2showed no mutants. Therefore, we analys&NT expression imzz2 ino-
deviation from wild type (Fig. 3B-D). In additionNO 2 double mutantsANT expression is found throughout the
expression could easily be detected with shorter colour reacti@mvule primordia at about stage 1-1l (Fig. 41). Around stage 2-
times (about 12 hours) imzz-2compared to wild type (about |, ANTexpression starts to disappear from the proximal region,
36 hours) hinting at an increased levelldD expression in  but can still be observed in the distal region (Fig. 4J). Later in
nzz-2 In ats mutants,INO expression followed a wild-type development, when an enlarged primordia is clearly visible,
expression pattern (Fig. 3E,F). In contrast to the single mutanfeNT expression can still be observed in the distal two thirds,
of bothnzz-2andats, nzz-2 atdouble mutants showed drastic similar to that seen inzz-2(Fig. 4K,L). The distal region (Fig.
alterations in the expression pattern IBfO during ovule 4La) and the growing nucellus (Fig. 4Lb) shalNTexpression
development. At initial stages, the norm&lO expression even around stage 2-lll and later, imzz-2 ino-2double
pattern was observed, though a weak signal was detectetutants. As predicted, the strong spotAMT expression,
throughout the central region (Fig. 3la). Sometimes, it wasvhich is normally observed inzz-2mutants, could not be
more obvious, withNO expression detected throughout thedetected in nzz-2 ino-2 (Fig. 4K,L). Monitoring ANT
central region similar to BEL1 or ANT stripe (Fig. 31b). This expression at regular intervals throughout the colour detection
was even more pronounced at around stage 2-Ill and all theeriod ruled out the possibility that we may not be seeing the
ovules that we observed>40) showed the expressionIbfO  difference in the levels &ZNTexpression at the ‘spot’ because
throughout the central region (Fig. 3J). LatBiQ expression of an overall strong signal. The distal expressioANT is also
was detected on both the adaxial and the abaxial side of tensistent with our proposed model for PD pattern formation
ovule and in both the adaxial and abaxial cell layers of the out€¢see Discussion) (Balasubramanian and Schneitz, 2000).
integument (Fig. 3K). Even around stage 3tNQ expression

was detected throughout the central region and was not

restricted to the epidermis (Fig. 3La). The misexpression dPISCUSSION

INO in the central region was also reportedsup-5mutants ) )

(Villanueva et al., 1999). Isup-5mutants, the initial onset of EXpression of INO requires BEL1

INO expression was unaltered (Fig. 3G) but the subsequettlO is expressed in the cells that give rise to the outer
expression ofNO is similar to that seen inzz-2 atdouble integument, before its initiation (Balasubramanian and
mutants (compare Fig. 3H and J). Schneitz, 2000; Villanueva et al., 1999) (Fig. 2B). Genetically,
bellis epistatic tano and BEL1 has been suggested to be a
. : negative regulator ofNO in the chalaza (Villanueva et al.,
development in various mutants 1999). This conclusion is based on an observed ectiific

It has been suggested previously that the expressidN®@f expression irbell-1 at stage 4-1 during ovule development
may involve a positive auto-regulatory loop (Villanueva et al.(Villanueva et al., 1999). SinddlO expression begins around
1999). Our analysis dNO expression irino-2 also supports stage 2-1, we analysed its expressiorb@hl-1460during all

this hypothesis. SincANT and BEL1 are required foINO  stages of development. We could not det€ expression in

Expression of BEL1 and ANT during ovule
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the mutant at this stage, which is in accordance with oypositive regulators ofNO expression. Contrary to thislZZ
previous analysis (Balasubramanian and Schneitz, 2000jcts as a negative regulator IBfO, not only in a temporal
However, we could not deteliiO expression ibell mutants  manner but also in a spatial manner. Our analysis shows that
even at later stage$herefore, our results suggest tBEL1  NZZandATSredundantly negatively regulaidO expression

is a positive regulator dNO. If BEL1is a negative regulator in the adaxial chalaza (Fig. 3I-L). Any one of these loci is
of INO, then one would expect strong ectopic expression aufficient to restriciNO expression to the abaxial side since
INO in nzz belldouble mutants, since our analysis indicatesats or nzzsingle mutants show normal abaxially locatBi®
thatNZZis a negative regulator tflO. Alternatively, ifBEL1  expression. How d&NZZ and ATSregulateINO expression?

is a positive regulator, thelNO expression should not be We suggest at least two possibilities. FiNdZZ and ATSare
detected innzz belldouble mutants. Imzz belldouble general negative regulators dNO expression and this
mutants,INO expression could not be detected, corroboratingnhibition is specifically overcome in the abaxial epidermis
the need ofBEL1 for INO expression (S. B. and K. S., with the help of other factors such @NT. The broad
unpublished observations). The absenctN@ expression in  expression pattern &§ZZin the ovules (Balasubramanian and
bel1-1460 suggests thatINO expression requireBEL1  Schneitz, 2000; Schiefthaler et al., 1999) and the expression
function. How doe8EL1regulatelNO expression? There are pattern ofANT in nzzmutants support such a hypothesis. The
two possibilitiesBEL1might directly regulatéNO expression. absence of théANT ‘spot’ in nzz inodouble mutants also
Alternatively, BEL1 might indirectly affectiINO expression supports this hypothesis. irzz atsthe negative regulation by
through its earlier role in chalazal specification. Our results dblZZ and ATSis absent andNO is expressed throughout the
not distinguish between the two possibilities. However, sinceentral region. AlternativelyNZZ and ATSmight play a role
the identity of the central region does not seem to be changedly in the negative regulation B4O expression in the adaxial

in bell-1460single mutantsas indicated by the expression region. IsSNZZ and ATSfunction required for initiation of the
pattern ofANT (Fig. 40) as well aBEL1in bell-1460(data  Ad-Ab axis or its maintenance? From our analysis it is clear
not shown), this may not be due to a defect in chalazal identitthat NZZ and ATSare definitely required for its maintenance.
Instead, this may be due to a specific role BEL1 in However, the weak misexpression IBfO even in stage 2-I
integument development. The wild-type expressioBEIf1in ovules ofnzz atsdouble mutants suggests that they may play
the developing integuments also supports this hypothess role in the initiation of this axis as well. Why then is this
(Reiser et al., 1995). We conclude tiBEL1 is a positive misexpression weak at initial stages? It is possible thaitthe

regulator oflNO and is essential for its expression. allele available could be a weak allele. Since the molecular
nature ofATSis not known, the nature of tlas allele is not

NZZ and ANT are temporal regulators of INO clear.

expression

Our analysis of the expression patterniN® in antandnzz =~ NZZ, ATS, INO and SUP play a role in the

indicates that the proper temporal expressiotN requires ~ asymmetric growth of the outer integument

co-ordination ofANT and NZZ activities nzzmutants show INO and SUP have been previously reported to mediate the
early initiation of the outer integument, which is preceded byasymmetric growth of the outer integument (Gaiser et al., 1995;
the expression ofNO, suggesting thalNZZ is a negative Schneitz et al., 1997; Villanueva et al., 1999). Our analysis of
temporal regulator ofNO expression. In contrast to thsnt  nzz atsdouble mutants indicates thBZZ and ATS are also
mutants show late onset dNO expression (Fig. 2H), required for the control of the asymmetric growth of the outer
suggesting thaBNT is a positive temporal regulator 8O  integument. Spatially, the ovules oz atsdouble mutants
expressionANT andNZZ act antagonistically in all regions of show no alterations in the initiation of the outer integument
the ovule (Balasubramanian and Schneitz, 2000). The preseraleng the adaxial-abaxial axis. This indicates M&ZandATS

of INO, at later stages, in the stroagt-72F5mutant suggests are likely to play a role in the asymmetric growth of the outer
thatANTIs not absolutely required to turn 84O, ratherANT  integument after its initiation. Nevertheless, the altered
may be needed for the proper timingD expression. Taken expression pattern dNO at the initial stages itself inzz ats
together, these data suggest that the proper temporal expresdibig. 3lb) suggests th&tZZandATSmight also play a role in

of INO requires co-ordination diZZandANT activities. Our  specifying this axis (see above). Since the single mutants of
analyses suggest a possible increase in the levdNOf nzzand ats do not show any alterations in the asymmetric
expression imzzmutants. The antagonistic interactiolN®Z  growth, we conclude thaZZ and ATSredundantly regulate
andANT also leaves open the possibility that the expression dhe asymmetric growth of the outer integument.

INO might equally well depend on the relative levelsANT . )

and NZZ activity. This negative regulation dNO by Nzz ~ SUP, NZZand ATS are required for the maintenance

could be an essential temporal mechanism to couple Pgf the adaxial-abaxial polarity during ovule

patterning with Ad-Ab patterning (see below) development

) SUP is another locus that regulatédO expression in the
NZZ and ATS redundantly regulate  /NO expression adaxial region of the chalaz@8UPhas been suggested to be a
and play a role in the maintenance of the adaxial- negative regulator dNO expression (Villanueva et al., 1999).
abaxial polarity Our analysis ofNO expression irsup mutants corroborates

If ANTandNZZregulate the temporal expressionO, what  this hypothesis. The broader expression pattetthlOfin sup
regulates its spatial expresstoRreviously several loci were mutants around stage 2-IIl is similar to that observetinats
reported as negative regulatorsiiD expression (Villanueva double mutants. How then do8&Prelate toNZZ and ATS?
et al.,, 1999). As we have shown abod®T and BEL1 are  Currently this remains an open question. However, we suggest
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Table 1. A summary of the observed expression patterns BO and ANT

Genotype Observations Interpretations
Expression summary foNO
Wild-type Ler Initiation and expression at the abaxial epidermis of the
proximal chalaza
ino-2 Undetectable at any stage during development Possible auto-regulation
bel1-1460 Undetectable at any stage during development BEL1needed fotNO expression
nzz-2 Early onset, can be detected at about stage 1-1l O . .
ant-72E5 Late onset, can be detected only by stage 4-V NZZandANT needed for the temporal regulationiND expression
ats Similar to wild type 0 . .
nzz-2 ats Ectopic expression in chalaza starting from stage 1-IE NZZandATSredundantly regulate the spatial expressiotNa
sup-5 Similar tonzz ats SUReeded for spatial regulation IfO

Expression summary fé&kNT

ANT s involved in the auto-regulation 81O

ad

Wild-type Ler Chalaza, developing integuments

nzz-2 Distally extended with a strong ‘spot’ at the site of o
outer integument initiation

ino-2 Similar to wild type with a gap of expression at the sit|
of outer integument initiation

nzz-2 ino-2 Similar tonzz-2but without the strong ‘spot’

at least three possibilities. FirsNZZ and ATS function

redundantly upstream 8UP.SecondSUPfunctions upstream
of NZZ and ATS. Third, NZZ, ATSand SUP function at the
same step of the cascade, in which c&¢P would be the
central player. A genetic analysis wfz supdouble mutants

A model for outer integument development and

regulation of INO expression

Our results are summarised in Table 1 and we propose a model
that attempts to explain the genetic regulation of adaxial-
abaxial pattern formation and outer integument development

did not allow us to discriminate between these possibilities aguring ovule development (Fig. 3YZZ plays a central role in
these mU_ta_ntS ShOEU_p_'“ke ovules that lack the nucellus and different aspects of ovule deve|opment and it is required
thus exhibit an additive phenotype (data not shown). Thgepeatedly during various stages of ovule development. We

observation that at least in some instancegNieexpression
is altered even at initial stages mzz atsdouble mutants,
suggests thatlZZ and ATSmight function earlier thaBUP.

Outgrowth of the outer integument might require
proper juxtaposition of the adaxial-abaxial signals

have previously proposed th&iZZ and BEL1 redundantly
specify the chalaza (Balasubramanian and Schneitz, 2000).
Furthermore, with respect to the integument development
pathway, NZZ functions downstream ofANT and INO
(Balasubramanian and Schneitz, 2008)the model that we
propose here, we suggest that initiation of the outer integument

Why do theino mutants produce ovules that lack the outerand Ad-Ab polarity establishment in the ovule occur after

integument? It has been suggested thatina mutants

specification of the chalaza. This is achieved at least in part

adaxialisation of the abaxial side of the outer integument leadirough the co-ordination of activitiesANT, BEL1, NZZ, ATS

to minimal or no outgrowth (Villanueva et al., 1999). Based orand SUP. The exact positioning ofNO expression in the
our analysis of wild-typelNO expression, we propose a abaxial epidermis of the proximal chalaza may require other
hypothesis to explain why adaxialisation should stop théactors as well. Oncé&NO is turned on, maintenance of its

outgrowth? Geneticallino is epistatic tasup, nzandatswith

expression goes through an auto-regulatory loop that includes

respect to the outer integument, which fits well with theANT. SubsequenBNT expression has a positive feedback on
hypothesis thatNO may be required for the initial outgrowth INO as well adlNZZ.How doesNO regulateNZZ expression?
of the outer integument. As we have shown above, the tip celf, INO regulatesANT via NZZ then one would not detect
which usually enlarges and initiates the outgrowth, does nanbcreased levels (spot) &NTin nzzmutants. Therefore, it is

expresdNO. Then why should the absencd D prevent the

likely that the positive feedback regulationAXT by INO is

outgrowth? It has been suggested that juxtaposition of adaxis¢éparate from the negative feedbackl@Z on ANT (Fig. 5B),

and abaxial signals may be needed for the outgrowth of latertidlough these two regulations are inter-connected. Thus, the
organs, similar to the requirement of dorsal and ventral signajsositive feedback dNO on ANT leads to a positive regulation
during lateral appendage development in animals (Bowmawf NZZby ANT. NZZin turn has a negative feedback ANT.

2000b; Waites and Hudson, 1995). It is possible thahan

In the adaxial side\ZZredundantly regulatd®lO expression

mutants such a juxtaposition of the adaxial and abaxial signalgith ATS.This could be mediated vBBUPor could be exerted
within the outer integument is not achieved because of thedependently (see above). If this model is true, then what

absence ofNO. This fits well with the observation th&XO

would happen in azzmutant? In the absence MZZ INO is

expression is observed in only one cell layer of the outeturned on precociously. OndBO is turned on, it leads to a

integument and the absencdMO expression from the tip cell

positive feedback oANT expression and consequently an

that enlarges to give rise to the outer integument. We suggedstrease inNO expression as well. This would also lead to an
that the outgrowth of the outer integument requires propédncrease irNZZexpression in the outer integument. Since the
juxtaposition of the adaxial and abaxial signals within the outeNZZ protein is nonfunctional imzz-2 this will lead to

integument itself, which could be the reason witymutants
lack the outer integument.

increased levels &NTandINO. The predictions of this model
hold true at least foANT expression imzz-2 nzz-2mutants
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show an increased expressiomPTin the cells that give rise Elliott, R. C., Betzner, A. S., Huttner, E., Oakes, M. P., Tucker, W. Q.,
to the outer integument. This model is also supported by theGerentes, D., Perez, P. and Smyth, D. R1996). AINTEGUMENTA an

; i APETALAZlike gene of Arabidopsis with pleiotropic roles in ovule
fact thatINO expression can be detected more easilyzin2 development and floral organ growirhe Plant Cell8, 155-168.

than in wild type. Furthermore, this model also supports thgsau, K. (1977).Anatomy of Seed Plantslew York: John Wiley and Sons.

absence of th&NT ‘spot’ in nzz inodouble mutants. Eshed, Y., Baum, S. F. and Bowman, J. (1999). Distinct mechanisms
promote polarity establishment in carpelsAsbidopsis Cell 99, 199-

Orchestration of proximal-distal and adaxial-abaxial 209. _

pattern formation and grovvth Eshed, Y., Baum, S. F,, Perea, J. V. and Bowman, J.([2001). Establishment

L . of polarity in lateral organs of plantSurr. Biol. 11, 1251-1260.
Our analysis indicates thilZZ links several aspects of ovule gajser, 3. C., Robinson-Beers, K. and Gasser, C. @995). TheArabidopsis

development. We have previously suggested that Ad-Ab and SUPERMANgene mediates asymmetric growth of the outer integument of
PD patterning are intimately coupled and thé® functions ovules.The Plant Cell7, 333-345.

; ~ ; igasser, C. S., Broadhvest, J. and Hauser, B. £1998). Genetic analysis of
in a non-cell autonomous way (Balasubramanian and Schnell‘i,ovule developmentnnu. Rev. Pl. Physiol. Pl. Mol Biat9, 1-24.

2000). In this study, we show th&tZZ and ATS, play @ G|z, J. . and Hudson, A(1999). Plant development: YABBYS claw to the
redundant role in patterning the adaxial-abaxial axis. Our fore.Curr. Biol. 9, R861-863.

results also suggests that the levelANT andNZZare crucial ~ Grossniklaus, U. and Schneitz, K(1998). The molecular and genetic basis
for the proper growth and development of the ovule. From our of ovule and megagametophyte developmBemin. Cell Dev. BioB, 227-

present analys_ls, \.Ne suggest that .the precocious eXmeSSIOnK stétter, R. A, Bollman, K., Taylor, R. A., Bomblies, K. and Poethig, R.
INO in nzz which is normally the first event that molecularly s (2001). KANADI regulates organ polarity in Arabidopsiature 411,

marks the adaxial-abaxial axis, interferes with proximal-distal 706-709.

pattern formation in the primordium resulting in the absencé&lucher, K. M., Chow, H., Reiser, L. and Fischer, R. L.(1996). The

; ; INTEGUMENTAGgene of Arabidopsisrequired for ovule and female
of a nucellus and the presence ofa anger fumCUIus' This maygametophyte development is related to the floral homeoticAleREEALA2
be, for example, analogous to the situation in the vertebratetys pjant cels. 137-153.

limb, where alterations in the establishment of the anteriolirizek, B. A. (1999). Ectopic expression 8INTEGUMENTAgene results
posterior axis hinders proximal-distal patterning (Capdevila in increased growth of floral orgari3ev. Genet25, 224-236.
and Belmonte, 2001). Thus, by negatively regulatiNg® Krizek, B. A., Prost, V. and Macias, A.(2000). AINTEGUMENTApromotes

expression ina temporal maniNZZmakes sure that the onset petal identity and acts as a negative regulatéf@AMOUS The Plant Cell
12, 1357-1366.

of the Ad-Ab aXiS. occurs at the correct time. Theré¥Z | eon-Kloosterziel, K. M., Keijzer, C. J. and Koomneef, M.(1994). A seed
appears to co-ordinate pattern formation along both axes. Weshape mutant gfrabidopsishat is affected in integument developméite

propose thatNZZz, through its interactions witlBBEL1, a Plant Cell6, 385-392.

; ; ; ; _di innLiu, Z., Franks, R. G. and Klink, V. P. (2000). Regulation of gynoecium
patterning gene involved in proximal-distal pattern formation, marginal tissue formation byEUNIG and AINTEGUMENTA The Plant

INO, a gene involved in adaxial-abaxial pattern formation and c¢;12 1879-1892.
ANT, a gene that exerts growth control, links all these distinctynn, k., Fernandez, A., Aida, M., Sedbrook, J., Tasaka, M., Masson, P.
processes with the help of genes sucABSand SUP and Barton, M. K. (1999). The PINHEAD/ZWILLE gene acts
pleiotropically in Arabidopsisdevelopment and has overlapping functions
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