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Summary

In dicotyledonous plants, two cotyledons are formed at
bilaterally symmetric positions in the apical region of the
embryo. Single mutations in thePIN-FORMED1 (PIN1)
and PINOID (PID) genes, which mediate auxin-dependent
organ formation, moderately disrupt the symmetric
patterning of cotyledons. We report that the pinl pid
double mutant displays a striking phenotype that
completely lacks cotyledons and bilateral symmetry. In the
double mutant embryo, the expression domains oEUP-
SHAPED COTYLEDONL1 (CUC]), CUC2 and SHOOT
MERISTEMLESS (STM), the functions of which are
normally required to repress growth at cotyledon
boundaries, expand to the periphery and overlap with a
cotyledon-specific marker, FILAMENTOUS FLOWER.
Elimination of CUC1, CUC2 or STM activity leads to

recovery of cotyledon growth in the double mutant,
suggesting that the negative regulation of these boundary
genes by PIN1 and PID is sufficient for primordium
growth. We also show thatPID mRNA is localized mainly
to the boundaries of cotyledon primordia and early
expression of PID mRNA is dependent onPIN1. Our
results demonstrate the redundant roles oPIN1 and PID
in the establishment of bilateral symmetry, as well as in the
promotion of cotyledon outgrowth, the latter of which
involves the negative regulation ofCUC1, CUC2and STM
genes, which are boundary-specific downstream effectors.
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Introduction

In dicotyledonous plants, the above-ground part of th

Genetic studies support the role of auxin in the above-

dnentioned processes. Arabidopsis mutations in thePIN-

seedling exhibits bilateral symmetry, as evidenced by tw§ORMED1(PIN1), MONOPTERO$MP) andPINOID (PID)
symmetrically located cotyledons and the shoot apica€nes dlsrupt"the patterning of cotyledons (Okada et al., 1991;
meristem (SAM) between them. This symmetry can be tracelgerleth and Jirgens, 1993; Bennett et al., 1995). These mutants
back to early embryogenesis, where two cotyledon primordig™® @lso defective in lateral organ formation from the
start to grow from the apical region of a radially Symmetricapostembryonlc shoot meristem, indicating their significant role
globular embryo (Long and Barton, 1998; Bowman and Eshedf} lateral shoot organ development. TPiéN1 gene encodes a
2000; Jiirgens, 2001; Aida et al., 2002; Furutani et al., 2003)y2émber of the putative auxin efflux regulator proteins that
How plant embryos promote the outgrowth of cotyledorPromote polar auxin transport (Galweiler et al., 1998) and is
primordia with a bilaterally symmetric pattern has remained afuggested to promote organ formation by regulating auxin
important question and has been studied using physiological gistribution (Benkova et al., 2003; Reinhardt et al., 2003).

genetic approaches.

The MP gene encodes a transcriptional activator that binds in

Previous studies have indicated that auxin is involved i¥itro to an auxin-responsive cis-element and is suggested to
various patterning processes, including apical patterningromote primordium formation by mediating auxin-induced
during embryogenesis. Auxin displays asymmetric distributiofiranscriptional activation (Uimasov et al., 1997a; Hardtke and
that changes dynamically throughout early embryogenesis afgerleth, 1998). ThePID gene encodes a serine/threonine
polar auxin transport is important for this distribution (Sabatinkinase, the transcription of which is induced by exogenous
et al., 1999; Friml et al., 2002; Benkova et al., 2003; Friml equxin (Christensen et al., 2000; Benjamins et al., 2001).
al., 2003). Treatment of embryos with exogenous auxin oBimilar to thepinl mutant, thepid mutant displays a reduction
polar transport inhibitors causes variable defects in the apicaf polar auxin transport in the stem (Bennett et al., 1995).
pattern formation, including abnormal positioning or fusion ofMoreover, plants overexpressifgiD exhibit reduced root
cotyledons (Liu et al., 1993; Hadfi et al., 1998; Friml et al.growth and this phenotype is suppressed by treatment with
2003). These results suggest that proper auxin distribution olar auxin transport inhibitors. These results suggesPibat
important for the symmetrical positioning of cotyledonfunctions as a positive regulator of polar auxin transport

primordia and the establishment of cotyledon boundaries.

(Benjamins et al., 2001).
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The expression o€EUP-SHAPED COTYLEDON(@CUCY) Murashige and Skoog plates, as previously described (Aida et al.,
and its functionally redundant homolo@UC2 has been 1997).
analyzed inpinl and mp mutant embryos (Aida et al., 2002). _ _
These genes encode transcription factors of the NAC family;o"struction of double, triple and quadruple mutants
promote cotyledon separation at the boundaries and cauSg the construction of theinl-3 pid-2 double mutant, plants
cotyledon fusion when both of them are mutated. Althougtcerozygous fopinl-3 were crossed wittpid-2 homozygotes.

. ; mong the F2 population, plants homozygous fud-2 and
these two genes are normally expressed in a stripe betweﬁ&erozygous fopinl-3 were selected by using PCR primers that

cotyledon primordia,CUC1 expression is expanded to the getected the mutations and self-fertilized. Among F3 populations,
periphery of the apical region an@UC2 expression is double mutants were selected by PCR-based genotyping or the
restricted to the center. The effectgofl or mpmutations on  presence of the novel specific phenotype (see Respiitd).6 pid-
CUC1 and CUC2 expression are well correlated with the 7.1.2.6and pin1-201 pid-3double mutants also displayed the same
fusion phenotype gfinlor mpmutants as well as their double phenotype. For the construction of thi@l pid cuc] pinl pid cuc2
mutant combinations witbuclor cuc2 These results suggest or pinl pid stmtriple mutants, plants heterozygous funl-3 and

that PIN1 and MP regulate boundary formation by regulating "omozygous fopid-2 were crossed witeucl-1homozygouscuc2

the CUC1 and CUC2 genes. TheSHOOT MERISTEMLESS homozygous orstm-1 heterozygous plants, respectively. Among

) . the F2 populations, plants homozygous farcl-1 or cuc2 or
(STM gene, aknl-type homeobox gene required for SAM heterozygous forstm-1 were selected by PCR-based genotyping.

formation and malll’lte.nance (Barton and Poethig, 1993; Clar‘|‘hese plants were further selected for the heterozygimils3 and
et al, 1996; Endrizzi et al,, 1996; Long et al., 1996), als§omozygouspid-2 mutation by PCR, and for the pin-shaped
participates in promoting cotyledon separation and it$nflorescence phenotype (Bennett et al., 1995). Phenotypes of the
contribution is particularly prominent in thginl mutant triple mutants were examined in the F3 populations and their
background (Aida et al., 2002). genotypes were confirmed by PCR. TB&M and PIN1 loci were

To further investigate the molecular relationship betweetpcated on chromosome 1 and closely linked. The occurrence
auxin and apical pattern formation in tAeabidopsisembryo,  frequency of the novel phenotype was 2.4861@7), which was
we examined the functions &fIN1 and PID genes in this nearly |dent|;al to that of thginl stmdouble mutant, as prewously
process. We found thpin1 andpid mutations, when combined described (Aida et al., 2002). For the construction opm pid cucl
in the double mutant, lead to a striking seedling phenotype th% c2 quadruple mutant, plants heterozygous fpinl-3 and

. . . . mozygous forpid-2 and cucl-1 were crossed with plants
is represented by a radially symmetric shape without aNYfeterozygous fopin1-3and homozygous farid-2 andcuc2 Among

cotyled_ons. This phenotype is associated \{vith the prolongq e F2 populations, plants heterozygous for hgitii-3 and cucl-1
expansion ofCUC1, CUC2 and STM expression domains t0 and homozygous fazuc2were selected. Seedling phenotypes of the
the periphery of the embryo apex, and contrasts with the milguadruple mutants were examined in the F3 populations.

and transient changes@UClandCUC2expression observed

in the pin1 or pid single mutant. Triple and quadruple mutantMicroscopy

analysis indicates that the ectopic expressioBWE1, CUC2  For visualization of vasculature, seedlings were cleared as previously
and STM genes in thepinl pid double mutant is mainly described (Aida et al., 1997). Scanning electron microscopy images
responsible for the growth inhibition of cotyledon primordia.Were obtained as described previously (Aida et al., 1999).

Our results thl_Js demonstrate th.at the overlapping function ¢f sty hybridization

P.INl andPID is largely responsible for the establishment of , g, hybridization was performed as previously described (Aida et
bilateral symmetry and cotyledon outgrowth, and that the lattey| * 5002). Hybridization was performed at 45°C. Templates for
process involves the negative regulation of boundary-specifiganscription of aPID antisense probe were derived from a PCR-

downstream effectors, the CUC aB@iMgenes. amplified 1122 bp fragment corresponding to a region that spanned
amino acids 44-417. Probes for the following genes have been
i reported previouslyANT (Long and Barton, 1998LUC1 (Takada et
Matenalg and methods - al., 2001) CUC2(Aida et al., 1999)FIL (Sawa et al., 1999) ar®TM
Plant materials and growth conditions (Long et al., 1996). As controls, we confirmed the expression patterns

Arabidopsis thalianaecotype Lansbergrecta(Ler) was used as the of FIL, PID, CUC1andCUC2genes in wild type. For any of these
wild type. The following mutant alleles were usemic1-1 (Ler) probes, we detected aberrant expression patterns (expanded or
(Takada et al., 2001xuc2 (Ler) (Aida et al., 1997)pin1-3 (Ler) reduced) in fewer than 5% of the embryos (three out of 8&lfar
(Bennett et al., 1995pin1-6 [Wassilewskija (WS)] (Vernoux et al., four of 104 forPID; six of 113 forCUCZ; and six of 132 foCUC?2).

2000), pin1-201 [Columbia (Col)], pid-2 (Ler) (Christensen et al., ) o

2000),pid-7.1.2.6(WS), pid-3 (Col) (Bennett et al., 1995) astim-1 ~ B-Glucuronidase (GUS) GUS staining

(Ler) (Barton and Poethig, 1993)in1-201carries a T-DNA insertion To detect GUS activity, embryos were stained with a solution
at the third intron and is supposed to be null. This allele was obtainetescribed previously (Takada et al., 2001) at 37°C for 45 minutes.
from the ArabidopsisBiological Resource Center (SALK_047613) Stained embryos were dehydrated in a graded ethanol series (30, 50,
(Alonso et al., 2003) and was backcrossed four times to Col wild typ@0, 90 and 100%) for 15 minutes each. Rehydration in a graded
prior to any phenotypic analysis and construction of ghel pid ethanol series (90, 70, 50, and 30%) was performed for 15 minutes
double mutant. Thepid-7.1.2.6allele contains a substitution that each before observation.

modifies codon 271, creating a stop (Q271 stop) that eliminates

approximately one-third of the protein, suggesting that it is a nulfuxin treatment

allele. Plants were grown on soil as previously described (Fukaki €lants were grown under constant white light exposure until several
al., 1996), and siliques were collected for analyses of embrysiliques started to develop (~3 weeks). All developing siliqgues were
phenotypes and in situ hybridization. Stages of embryogenesis wecet off before auxin treatment. The plants were subsequently sprayed
as defined previously (Jirgens and Mayer, 1994). For analysis w@fith a heavy mist of 1M 2,4-dichlorophenoxy-acetic acid with
seedling phenotypes, seeds were surface sterilized and germinatedodl% Silwet L-77. Mock treatments were performed with distilled
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water containing 0.01% Silwet L-77. Auxin treatments were repeate
once a week for 1 month. Seeds were collected and germinated
plates for phenotypic analysis. FOR5::GUSanalysis, embryos were
dissected from siliques 7 days after the treatment and stained wi
GUS staining solution.

Results

Aberrant cotyledon developmentin  pinl and pid
single mutants

A wild-type Arabidopsis seedling had two separated
cotyledons symmetrically arranged with equal size and shaj
and the SAM at the center of the apex (Fig. 1A). A fraction o
the pinl mutant seedlings displayed defects in cotyledor
number, separation, position and size to various extents (Fi
1B) (Aida et al., 2002). The frequency of cotyledon phenotypt
was almost equal among three strong allelgsrdf (Table 1).

A fraction of pid seedlings displayed cotyledon phenotypes,
similar to that ofpinl seedlings (Fig. 1C). Thpid mutant,
however, tends to cause decrease or increase in number
cotyledons more frequently than fusion, in contragtitd. in
which fusion is frequently observed (data not shown). A sma
fraction of strong allelespid-7.1.2.6 and pid-3, produced
seedlings lacking cotyledons. The intermedipig-2 allele
displayed slightly milder cotyledon phenotypes than did the
two otherpid alleles (Table 1). Botlpinl and pid seedling
phenotypes originated from embryogenesis, as evidenced |
asymmetrical growth or abnormal positioning of cotyledon
primordia (Fig. 1D-F) (Aida et al., 2002).

To examine in detail symmetry development as well a
cotyledon primordium formation irpinl and pid mutant
embryos, we analyzed the expression of marker genes tr
displayed specific expression patterns in the apical region of tf
embryo. TheAINTEGUMENTA(ANT) gene was expressed in
a radially symmetric ring around the embryonic apex, including
cotyledon primordia at the early heart stage in wild-type
embryos (Long and Barton, 1998) (Fig. 1E)LAMENTOUS
FLOWER (FIL) was expressed in the abaxial side of
presumptive cotyledon primordia at the early heart stage
exhibiting bilateral symmetry (Siegfried et al., 1999) (Fig. 1H).

We analyzed the expression of these marker gengisalna ) o . )
3/+ or pid-2/+ siliques becauspinl-3 homozygous mutants Fig. 1.Cotyledon development in wild typginlandpid.
were completely sterile and the fertility pid-2 homozygous ~ (A-C) Five-day-old seedlings of wild type (A)in1-3(B) andpid-2
mutants was significantly lovANTwas expressed in a ring in (S)- (D-F) Scanning electron micrographs of wild-type (-3

h Ay : - (E) andpid-2 (F) embryos. (GANT expression in wild-type embryo
all the embryos examined jgin1-3+ andpid-2/+ siliques (data at the early heart stage, serial longitudinal sections. (AHK)

not shown), indicating that neither homozygous mutationypression in wild-type (Hpin1-3(1), pid-2 (3) andpin1-3 pid-2

affected the ANT expression pattern. By contrasEIL (k) embryos at the early heart stage, serial longitudinal sections.
expression was disturbed in bgtinl-3 and pid-2 embryos  Scale bars: 50m in D-K.

(Fig. 11,J). In ~26% of the embryos jin1-3+ siliques (13 of

49), FIL was expressed in a ring that surrounded the apex of ] ]

the embryos (Fig. 11) or in an incomplete ring with a breakag&€henotype of pinl pid double mutant

at one sideFIL expression in a ring was detected also at thdo examine the genetic interaction betw& N1 andPID in

late heart stage (data not shown). In ~21% (13 out of 62) atyledon development, we constructed el pid double

the embryos inpid-2/+ siliques, FIL expression was mutant. Seedlings with the most severe phenotype completely
asymmetric so that the strength and size of the signals differdéaicked cotyledons, displaying radial symmetry (Fig. 2A,D;
between the two domains of expression (Fig. 1J). Takemable 2). Seedlings with the mild phenotype developed small
together, the radial expression patternANT is preserved, bulges that were most likely rudimentary cotyledons. The
whereas the bilateral expression patterirlafis disturbed in  epidermal cells of these bulges were small and round compared
pinlandpid embryos. In particular, thginl mutation severely with those of wild-type cotyledons (Fig. 2B.E; Table 2).
disrupts FIL expression, resulting in a radially symmetric Seedlings that displayed the weak phenotype produced small
pattern. flat structures with a ridge along the margin of the adaxial side
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Table 1. Frequencies of cotyledon phenotypes Table 2. Frequencies of cotyledon phenotypes pinl pid
double mutants
0,
Genotype Frequency of cotyledon numbers (/o)l_otal number -
(ecotype) Zero* One*  Two* Three* ofseedlings  Genotype Frequency (%) Total number
pin1-3(Ler) 0 28.1 55.2 16.7 96 (ecotype) Severe* Mill Weak  of seedlings
pin1-6(WS) 0 33.9 54.8 11.3 62 pin1-3 pid-2(Ler) 473 436 91 110
pin1-201(Col) 0 35.7 50.3 14.0 171 pin1-6 pid-7.1.2.§WS) 583 27.8 13.9 36
pid-2 (Ler) 0 4.1 73.1 22.8 342 pin1-201 pid-3Col) 58.8 20.6 20.6 34
pid-7.1.2.6(WS) 114 188 59.4 10.4 96
pid-3 (Col) 25 10.0 53.3 34.2 120 *Seedlings completely lacking cotyledons (see Fig. 2A).
) ) ) TSeedlings with small bulges (see Fig. 2B).
*Each category represents frequency of seedlings with corresponding *Seedlings with small flat structures having a ridge along the margin (see

numbers of separate cotyledons. In the case of fusion, one group of fused Fig. 2C).
organs is counted as one cotyledon.

(Fig. 2C; Table 2). Allpinl pid seedlings developed a double mutant fails to establish bilateral symmetry although it
functional SAM that produced leaf primordia, although theseetains radial symmetry.
primordia displayed abnormal phyllotaxis and were often fused )
with each other (Fig. 2D, arrowheads). Mutant SAMsEXpression pattern of PID
continued to produce leaves and eventually developed pin-liké/e next examined the expression of patterrPid in the
inflorescences similar to those pihl or pid single mutant. embryo. Although previous studies have reported EH&t
These phenotypes were observed in three differerdxpression is detected mainly in developing cotyledon
combinations ofpinl and pid alleles, including putative null primordia (Christensen et al., 2000; Benjamins et al., 2001), a
mutants (Table 2; see Materials and methods). Because thwre detailed expression study is required to asBé¢Bs
observed genetic interaction was allele-nonspecific, wéunction during embryogenesis.
conclude thaPIN1 and PID redundantly promote cotyledon At the globular stagd?ID mRNA expression was detectable
development, but are not essential for SAM formation anéh two domains at opposite sides, each encompassing
maintenance. approximately three-quarters of the embryo along the

To investigate the development of cotyledon primordia andbngitudinal axis (Fig. 3A,H). In early heart-stage embryos,
symmetry inpinl pid embryos, we examinedNT and FIL PID mRNA expression was again detected in two opposite
expression in siliques gbinl1-3+ pid-2/pid-2 plants as the domains that mainly included the boundary between cotyledon
double homozygous mutant was sterile. At the early heagrimordia and the basal part of the primordia (Fig. 3B,C,H).
stage, the expression patterns of these marker genes wéle expression was detected in the presumptive SAM region or
almost identical to those observed in fhiel single mutant:  at the top part of cotyledon primordia. In the late heart to
ANT expression was normal (data not shown) dfid torpedo stagesPID mRNA expression was found in the
expression formed a ring in ~19% of the embryos (seven oaidaxial side of cotyledon primordia (Fig. 3D,H) as well as in
of 37 in pinl-3/+ pid-2/pid-2siliques; Fig. 1K). Similar to the boundary between cotyledon primordia (Fig. 3E,H).
pinl, FIL continued to be expressed in a ring-like domain inTypically, the signal in the cotyledon boundaries was stronger
the pinl pid double mutants at the late heart stage (data ndhan those in the other regions. Our results thus demonstrate
shown). Taken together, our results indicate thaipth#& pid  PID mRNA expression at the boundaries, which has not been
described in previous studies (Christensen et al., 2000;
Benjamins et al., 2001).

To determine whethePIN1 affects PID expression, we
examined embryos developing in siliquepiofl-3/+ plants. At
the early heart stage, we found embryos in which one of the
two domains oPID expression was significantly reduced (12
out of 57). In addition, embryos in which both expression
domains were greatly reduced were found at a low frequency
(five out of 57; Fig. 3F). In the late heart to torpedo std@j&s,
expression was detected in cotyledon primordia as well as in
their boundaries at a level comparable with that of the wild type
(Fig. 3G). These results indicate tiRD expression partially
requirePIN1activity at the early stage but not at the late stages.

CUC1 and CUCZin pid single and pinl pid double

mutants

In the wild type, theCUC1and CUC2 genes, which promote
Fig. 2. Phenotype opinl piddouble mutant. (A-E) Five-day-old cotyledon separation by_ preventing growth at the_ boun_darie_zs,
seedlings opinl-3 pid-2displaying severe (A,D), mild (B,E) and ~ Were expressed in a stripe between cotyledon primordia (Fig.
weak (C) phenotypes. (D,E) Scanning electron micrographs. 4A,B). We previously have shown thatgim1embryosCUC1

Arrowheads in D indicate fused leaves with aberrant phyllotaxis. ~ expression expands to almost the entire apex, whele&?
Scale bars: 100m in D, E. expression is restricted to a central spot at the early heart stage
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(Aida et al., 2002). In this study, we further analyzed the We next examined the effect pid mutation alone, as well
expression of these genes at the late heart stage. At this stag®e,that ofpinl pid double mutations, oil€UC1 and CUC2

the expansion d€UC1expression to the periphery was partial,

expression. In embryos developing pid-2/+ siliques, we

as revealed by the restricted spots of signals in cotyleddound that the stripe dEUC1 and CUC2 expression became

primordia (Fig. 5A). At the same stag@lJC2 expression was
mainly detected at the center of the apex and occasionally
part of the cotyledon primordia (Fig. 5B).

Fig. 3. PID mRNA expression in wild-type amgnlembryos.

(A-E) PID expression in wild-type embryos at the globular stage (A)
and the early heart stage (B) in serial frontal longitudinal sections;
the early heart stage in sagittal longitudinal section (C), and the
torpedo stage in frontal (D) and sagittal (E) sections. (F,G) Serial
longitudinal sections gfin1-3embryo at the early heart stage (F)
and the torpedo stage (G). (H) Schematic diagrar®$df

slightly wide and slanted in ~10% of the transition-stage
ambryos (four out of 42, five out of 47 respectively; Fig. 4C,D).
As cotyledon development proceeds, the expression patterns
became essentially the same as that of the wild type, with a
few exceptions, namelUC1 expression branched into three
lines orCUC2 expression was curved, branched or broken in
the middle of the stripe (data not shown). We conclude that the
pid single mutation only mildly affects the expressiol€CofC1
andCUC2

To analyzeCUC1 and CUC2 expression in theinl pid
double mutant, we examined embryos developingnd-3/+
pid-2/pid-2siliques. At the early heart stageJClexpression
was expanded to include nearly the entire apex in ~24% of the
embryos (13 out of 55; Fig. 4E). This pattern was essentially

expression in globular (left), heart (middle) and torpedo (right) stageFig. 4. Expression patterns @fUC1andCUC2in pid andpinl pid

embryos. Arrowheads in A indicate strong expression domains of
PID mRNA. (C,E) Frontal view of each embryo with red line
indicating the section plane. Scale barspB0in A-G.

at the early heart staggUC1 (A,C,E) andCUC2(B,D,F)
expression in serial longitudinal sections of wild-type (A@J;2
(C,D) andpin1-3 pid-2(E,F) embryos. Scale bars: gfn.
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Fig. 5. Relationship between
PIN1, PID, CUC1, CUC2and
STMgenes. (A-D) Expression
of CUC genes ipinl-3(A,B)
andpinl-3 pid-2(C,D) at the

late heart stage€UC1
expression (A,C) an@UC2
expression (B,D) in serial
longitudinal sections. (E,;§TM
expression in wild-type (E) and
pinl-3 pid-2(F) embryos at the
heart stage in serial longitudinal
sections. (G-J,0,P) Five-day-old
seedlings otucl-1 cucZG),
pinl-3 pid-2 cucl-1H), pinl-3
pid-2 cuc(l), pinl-3 pid-2
cucl-1 cucZJ),stm-1(0O) and
pinl-3 pid-2 stm-1P) plants.
(K,L) Seven-day-old seedlings
of cucl-1 cucqK) andpinl-3
pid-2 cucl-1 cuc?L) plants
were cleared to visualize the
vascular pattern. (M,N) Vascular
patterns otucl-1 cucAM) and
pinl-3 pid-2 cucl-1 cucN)
seedlings. Scale bars: fith in
A-F.

the same as that in th@nl single mutant. At the late heart The pinl pid cucltriple mutations markedly recovered
stage, howeveGUC1lexpression remained in almost the entirecotyledon development, resulting in the formation of cup-
apex of theginl piddouble mutant (Fig. 5C), in contrast to that shaped fused cotyledons (Fig. 5H). The extent of cotyledon
of the pinl single mutantCUC2 expression was detected in fusion varied among seedlings, ranging from a partial fusion
the central region and occasionally at part of the periphery iat the base to a nearly complete fusion. By contrast, most of
19% of early heart stage embryos (eight out of 42; Fig. 4Fthe pinl pid cuc2triple mutants were indistinguishable from
This expression pattern was maintained at the late heart statipe pinl pid double mutants, except for a few seedlings that
(Fig. 5D). produced partially fused cotyledons, the sizes of which were

Collectively, these results indicate that thiel mutation, larger than those of the rudimentary cotyledons observed in the
when combined wittpinl, causes a prolonged and completepinl pid double mutants (Fig. 51). These results indicate that
expansion o€CUC1lexpression into the peripheral region of theectopicCUC1 activity mainly prevents cotyledon formation in
embryonic apex. This is in contrast to fhial single mutant, thepinl piddouble mutant an@UC2 partially contributes to
in which theCUC1expression is expanded only transiently andthis process. The fusion phenotype observed in each triple
soon becomes restricted at the late heart stage because of fiigant combination may be due to the reduced activities of
action of thePID gene. Thepinl pid double mutations also cotyledon separation caused by thel or cuc2 mutation at
cause a slight expansion@UC2expression, in contrast to the least in part.
pinl single mutation in whiclCUC2 expression is reduced. In the pinl pid cucl cuczjuadruple mutant, all seedlings

] ] ] ] ] developed cotyledon with a fused cup shape (Fig. 5J). The

Phenotypes of pinl pid cucl , pinl pid cuc2 and pinl  extent of fusion was more pronounced and complete than that
pid cucl cuc2 mutants in thepinl pid cucltriple mutant. Thus, the ectopic activities
The prolonged expansion @UC1 expression as well as the of CUC1 and CUC2 fully account for the repression of
slight expansion o€UC2 expression in cotyledon primordia cotyledon growth in th@inl piddouble mutant.
may account for the loss of cotyledon formation ingime. pid To examine symmetry in the quadruple mutant, we observed
double mutant. To test this possibility, we construgied pid the vascular pattern of cotyledons, a suitable marker for
cuclandpinl pid cucZriple mutants, as well g8nl pid cucl seedling symmetry (Aida et al., 1997). Both wild-type (data
cuc2quadruple mutant to genetically eliminag&C1land/or not shown) and thecucl cuc2double mutant (Fig. 5G)
CUC2 function from thepinl pid background. displayed bilaterally symmetrical arrangement of vascular
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strands (Fig. 5K,M). By contrast, thg@inl pid cucl cuc2 Frimletal., 2003), was detected in a broader region compared
quadruple mutant displays a radially symmetrical arrangementith that in mock-treated embryos (Fig. 6C,D). These results
(Fig. 5L,N), similar to the arrangement described forgimd  suggest that the application of auxin to the embryo changes
cucl cucZriple mutant (Aida et al., 2002). These results arghe auxin distribution in the apical region and causes
consistent with the loss of bilateral symmetry in piel pid cotyledon fusion, possibly by reducing the activities of the
double mutant and indicate that the additiomwflandcuc2 CUC genes.
mutations does not rescue the symmetry defect. We next treateduclandcuc2single mutant embryos with
Finally, we examined the effect oficlor cuc2mutation on  2,4-D. Interestingly, auxin treatment of theclsingle mutant
pid mutation alone. In thpid cucldouble mutant, the extent resulted in a significantly higher frequency of seedlings with
of cotyledon fusion was slightly enhanced compared with thahe strong fusion phenotype (Table 3) than that of the wild type.
in the pid single mutant, whereas the frequency of fusion waslowever, the effect of auxin on tloeic2 single mutant was
not changed (data not shown). By contrast, seedlings pfdhe similar to that on the wild type (Table 3). Considering that
cuc2 double mutant were phenotypically indistinguishableneithercucl nor cuc2 mutation changes auxin sensitivity per
from those of thepid single mutant (data not shown). Thesese (Daimon et al., 2003) and that B6C1andCUC2 genes
results show that neitheucl nor cuc2 markedly affects the are functionally redundant (Aida et al., 1997), the observed

phenotype of thgid single mutant. higher frequency of the fusion phenotypeitlembryos may
) ] S ] ) suggest that the activity @UC2is reduced more effectively

STM expression and its activity in ~ pinl pid double than that ofCUC1 upon auxin application.

mutant

We next examined the effect of thn1 piddouble mutations . .
on the expression of ttf&TMgene, which is involved in SAM Discussion
formation and cotyledon separation downstream offb€1 In this study, we demonstrated a synergistic interaction
andCUC2genes (Aida et al., 1999; Takada et al., 208IM  between mutations in thHeIN1 andPID genes, the functions
was expressed in a stripe between cotyledon primordia at tle¢ which are implicated in auxin-mediated organ formation.
heart stage of the wild type (Fig. 5E), whereas it was expanded
to include almost the entire apex in fiiel piddouble mutant
(Fig. 5F).

To eliminateSTMactivity from thepinl pid background,
we constructed theinl pid stmtriple mutant. Addition of
the strongstm-1 allele (Fig. 50) to thepinl pid double
mutant partially recovered cotyledon development, a:
evidenced by the formation of large cotyledons compare
with those ofpinl pidseedlings with mild phenotypes (Fig.
5P). The recovery of cotyledon growth &iyn however, was
much less pronounced compared with that by ¢oel
mutation. These results indicate that ect@idMexpression
in the pinl pid double mutant is also responsible for the
growth inhibition of cotyledon primordia, although its
contribution is partial.

Effects of exogenous auxin treatment on wild-type

and cuc mutant embryos Fig. 6. Effects of treatment with exogenous auxin on embryo.

If the observed effects of th@nl and pid mutations on the (A,B) Five-day-old seedlings treated with 2,4-D during

CUC1 and CUC2 genes were caused by changes in auxirembryogenesis. In B, the seedling was cleared to visualize the
distribution, the exogenous application of auxin could als¢vascular pattern. (C,D) Spatial expression pattefdRf::GUSin
affect these genes, thereby perturbing normal cotyledomature embry_os_. M_ock (C) and 2,4-D (D) treatment. The fused part
development. Consistently, previous studies have shown th°f cotyledons is indicated by a red arrowhead in D.

auxin treatment causes various cotyledon defects including

fusion, a phenocopy of theucl cuc2double mutant (Liu et . :

al., 1993: Hadfi et al., 1998; Friml et al., 2003). To strengthen ' 2Pl€ 3. Effects of auxin treatment on embryogenesis

this hypothesis, we further tested the effect of auxiwril Frequency (%) Total number
andcuc2single mutant embryos (Materials and methods).  Genotype Cup-shaped* Partial fusiolormal  of seedlings
When wild-type embryos were treated with synthetic auxin, ¢ _ _ _ _
2,4-dichlorophenoxyacetic acid (2,4-D), a fraction of thecuci-¥ 0 0.5 99.5 -
embryos developed into seedlings with abnormal cotyledonsuc? 0 0.5 99.5 -
3.0% of the seedlings displayed weak fusion and 6.4%¢2:4-D 6.4 3.0 90.6 202
displayed complete fusion of cotyledons (Fig. 6A; Table 3)CUCl'1F2’4'D 283 4.2 or:s 100
play p Yy g. bA, tuc22,4-D 3.0 7.4 89.6 230

The vascular pattern of the latter class was considerably

irregular and not bilaterally symmetric (Fig. 6B). In 2,4-D- *Cotyledons are completely fused and surround the entire apex.
treated embryos, the activity of an auxin-responsive reportequCOty'edons are partially fused at the base.

gene DR5::GUS(UImasov et al., 1997b; Sabatini et al., 1999;_'aken from Aida et al. (Aida et al., 1997).
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Seedlings of thepinl and pid single mutants exhibited CUClandFIL are expressed as a ring in the peripheral region
relatively mild defects in cotyledon development, wherea®f pinl, suggesting that this region has a mixed identity of CP
those of the double mutant completely lacked cotyledons iand BCM (Fig. 7B) and tha®IN1 is essential for the initial
the most severe cases. The synergistic interaction betwepnsitioning and partitioning of CP and BCM within the
pinl and pid mutations was not specific to the combinationperipheral region. By contrast, no or only partial overlap of CP
of alleles, suggesting that thEIN1 and PID genes act and BCM seems to occur ipid embryos, as reflected by
redundantly in the same process. Our results illustrate twelatively mild change oCUC1, CUC2 and FIL expression
major aspects dPIN1 and PID functions in embryogenesis: patterns inpid-2 embryos. This finding may suggest tRdD
establishment of bilateral symmetry and promotion ofis not involved in the peripheral patterning process at the early

cotyledon growth. heart stage. Alternativeli2ID may be required for this process
o ) . but the effect opid-2 mutation is not apparent, simply because

PIN1 and PID function in apical patterning of of the residuaPID activity in this intermediate allele.

cotyledon primordia and their boundaries As embryogenesis proceeds, the area of BCM becomes

The apical region of the embryo can be divided into thregartially excluded from CP in thgnl single mutant (Fig. 7C),
subregions, each of which follows different developmentabs indicated by the partial exclusion of the ectapldC1
fates (Fig. 7A) (Aida et al., 1999). In the wild tygd)JCland  expression at the late heart stage. This exclusion is dependent
CUC2 are expressed in both the presumptive SAM (PS) andn PID, as the ectopi€UC1expression remains in the entire
the boundary of cotyledon margins (BCM), wher&dls is  peripheral region in thpinl pidbackground at the same stage
expressed in the cotyledon primordia (CP). The expressioffrig. 7D). This finding indicates that the late activityRdiD
patterns of these three genes are bilaterally symmetric. Byan partially compensate for the failure caused by the loss of
contrast,ANT is expressed in both CP and BCM, reflectingPIN1 activity.
radial symmetry. The single and double mutantpinf and Analysis of thepinland pid mutants in the inflorescence
pid all develop a functional SAM, suggesting tlN1 and  meristem has suggested a difference between the functions of
PID are not essential for the establishment of PS. Consistetitese genes (Reinhardt et al., 2003). When a large amount of
with this, none of the expressions of the above markers revealixin is applied locally to the inflorescence meristerpiot,
any abnormalities in PS of thpn1 and pid mutants. a fused, color-like flower primordium is induced at a site close
The expression patterns of the bilateral markers indicate thed the application. By contrast, the same amount of auxin

PIN1 and PID regulate patterning in the peripheral regionapplied to theid meristem induces multiple primordia having
consisting of CP and BCM. At the early heart stage, botla normal size but no fusion. The observed respongenaf
meristems is consistent with the idea th&ll1 is involved in
organ patrtitioning in both the embryo and the inflorescence
A B C D meristem. However, the response ¢fd inflorescence
/ \ meristems does not reveal any involvement ofli2 gene in
: flower primordium partitioning, in contrast to its proposed
: function based on our analysis of embryogenesis. This
difference may reflect different functions of tRéD gene
E . F between embryo and flower development. Alternativpig,
R .= inflorescence meristems may also display partitioning defects
that can be detected only by molecular markers during the early
stages of primordium formation.
v w PIN1 and PID promote cotyledon growth by
. T repressing CUCI1, CUC2 and STM activities
P — .;cuc expression The prolonged expansion GUC1 and CUC2 expression in
the apex of thepinl pid embryos suggests that cotyledon
Fig. 7. Apical patterning during embryogenesis. (A-D) Mutant growth IS suppressed by the ectopic activities of these genes.
phgenotyges. (‘,)A,B) Apigal regi%n of tﬁle gearly-hea(rt st;ge embryo. The gllmlnauon of botlCUC1 andCU(_32 activities frompinl
(A) Wild-type apex is divided into three subregions, presumptive ~ Pid (i.e. quadruple mutant) results in the complete recovery
SAM (PS; orange), cotyledon primordia (CP; yellow) and boundary Of cotyledon growth, as evidenced by a fused cup-shaped
of cotyledon margins (BCM; blue). (B) In tipn1-3or pinl-3 pid-2 cotyledon that surrounds the seedling apex. These results
embryo, the peripheral region possesses a mixed identity of CP andndicate thatPIN1 and PID function to repres<CUC1 and
BCM, which is shown in green. (C,D) Late heart stage. The area of CUC2 expression and/or activity in cotyledon primordia,
BCM is reduced ipin1-3(C), while the entire peripheral region thereby allowing the primordia to develop. In contrast to the
continues to express a mixed identity of CP and BCpina-3 pid-2  pin1 piddouble mutant, theinlsingle mutant does not display
B s o S0Vt feducton n cofyedon growth despie the oxpansion o
cotyledon primordia and slightly in regions that surround the base 01CUC1expre85|on. This is probably because that _the expansion
cotyledon primordiaPIN1 andPID redundantly promote auxin of CUCl_OCCWS only tran3|ently. The later exclusm_r(_lhlel
transport toward the tips of the cotyledon primordia (brown arrows), 8Xpression from the peripheral region may be sufficient for the
resulting in the formation of auxin gradient maxima (green). primordia to develop fully.
(F) Auxin accumulation in cotyledon primordia (green) prevents Although thepinl pidembryos display severe reduction or
CUC gene expression (yellow) from expanding to the periphery. ~ complete loss of cotyledon growth, they express Bdti and
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FIL, each of which promotes different aspects of shoot orgaRID functions are required for uncovering the mechanism by
development (Long and Barton, 1998; Sawa et al., 1999hich PID regulates patterning in the apical region of the
Siegfried et al., 1999). This observation suggests that thembryo.

double mutant initiates developmental programs for cotyledon

development at least in part. This notion is consistent with the We thank Miyo Terao Morita for critical reading of the manuscript.
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