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SUMMARY

The shoot apical meristem and cotyledons of higher plants formation and cotyledon separation. Genetic and
are established during embryogenesis in the apex. expression analyses indicate thaCUC1 and CUC2 are
Redundant CUP-SHAPED COTYLEDON 1(CUCI) and redundantly required for expression of STM to form the
CUC2 as well as SHOOT MERISTEMLESS (STM) of  shoot apical meristem, and thaSTM is required for proper
Arabidopsis are required for shoot apical meristem spatial expression ofCUC2to separate cotyledons. A model
formation and cotyledon separation. To elucidate how the for pattern formation in the apical region of the Arabidopsis
apical region of the embryo is established, we investigated embryo is presented.

genetic interactions amongCUC1, CUC2and STM, as well

as the expression patterns ofCUC2 and STM mRNA.

Expression of these genes marked the incipient shoot apical Key words: Meristem, Cotyledon, Organ separatimabidopsis
meristem as well as the boundaries of cotyledon primordia, thaliana CUP-SHAPED COTYLEDOKCUC), SHOOT

consistent with their roles for shoot apical meristem MERISTEMLES$STM), Pattern formation, Embryogenesis

INTRODUCTION distinct structure (Barton and Poethig, 1993). Both histological
and clonal analyses suggest that the entire SAM and most of
In higher plants, most of the above-ground part ultimatelyhe cotyledons derive from the apical half of the globular
derives from small populations of mitotic cells, called the shooembryo (Barton and Poethig, 1993; Scheres et al., 1994).
apical meristem (SAM). The SAM is initially formed during  SeveralArabidopsismutants are defective only in the SAM,
embryogenesis, when the basic body architecture of a plantssiggesting that at least some part of SAM formation is
established (Jirgens, 1995). Once formed, the SAM playgenetically distinct from that of cotyledons. Recessive
central roles in postembryonic shoot organ formation. Thenutations inPINHEAD (PNH; same aZWILLE[ZLL], which
SAM generates stems, leaves, and floral organs in a set pattevas identified independently) andVUSCHEL (WU
while it maintains a pool of undifferentiated cells in the centespecifically affect SAM formation, resulting in a flat or
(Steeves and Sussex, 1989). Thus, SAM formation duringberrant structure at the site normally occupied by the SAM
embryogenesis is a critical step to start subsequent vegetatidcConnell and Barton, 1995; Laux et al., 1996; Moussian et
and reproductive development. Many of the recent moleculal., 1998). These genes are suggested to be involved in
genetic works have been focused on SAM function irorganizing functional domains within the SAM. Ttlavatal
postembryonic development (reviewed in Clark, 1997clvl) andclv3mutants have an enlarged SAM, suggesting that
Meyerowitz, 1997). However, the molecular genetic basis o€LV1 and CLV3are required to limit cell populations within
SAM formation during embryogenesis is poorly understood. the SAM (Clark et al., 1995, 1996).

The embryonic SAM is formed in the apex between On the other hand, several mutations that affect development
cotyledons in dicotyledonous plants. Arabidopsisthe zygote of both the SAM and cotyledons have been identified,
undergoes stereotyped cell divisions to form the radiallysuggesting that their genetic pathways overlap. Mutations in
symmetrical embryo proper and the extraembryonic suspenstre SHOOT MERISTEMLES$STM gene result in the lack of
(the globular stage). By the heart stage, cotyledon primordia SAM and a slight fusion of the cotyledons at the base,
arise as two distinct bumps from the apical flanks of the embryiadicating thatSTMis essential for embryonic SAM formation
and the symmetry of the embryo shifts from radial to bilateraland partially required for cotyledon separation (Barton and
As cotyledons grow and bend over the embryo apex (thBoethig, 1993; Clark et al., 1996; Endrizzi et al., 1996; Long
bending-cotyledon stage), the SAM becomes a histologicallgnd Barton, 1998). Weak alleles sttn produce a phenotype
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that suggests th&TMis also required for maintenance of the were soil grown at 23°C under constant white light as previously
SAM (Clark et al., 1996; Endrizzi et al., 1996TMencodes described (Fukaki et al., 1996) and siliques were collected for
a member of the KNOTTED1 class of homeodomain proteingnalyses of embryo phenotypes and in situ hybridization. Stages of
(Long et al., 1996). This class of proteins are thought to be ke§mPryogenesis are as defined in Jirgens and Mayer (1994). For
transcriptional regulators of SAM development and constitut§x@mination of seedling phenotypes, seeds were surface sterilized,
a gene family found in many plants including maize (Kerstetteﬁo"‘m.gn dMi(gsh|ge lanf 85009 plates, and germinated as previously
et al., 1994), rice (Matsuoka et al., 1993), tomato (Hareven ef>croe (Aida et al., 1997).

al., 1996), tobacco (Tamaoki et al., 1997), auwdbidopsis  Construction of the double and triple mutants

(Lincoln et al., 1994)STMmMRNA is expressed in the SAM as For construction of the double mutants, plants heterozygousnfor

well as its precursor cells, consistent with its role in SAM1 were crossed witbuclor cuc2single homozygous mutant plants.
formation and maintenance (Long et al., 1996). Genetidamong R populations, plants homozygous foucl or cuc2 and
analyses show that tisemmutation is epistatic to other SAM- heterozygous fostm-1were selected based on the floral phenotypes
specific mutationgpnh'zll, wus clvl andclv3, with regards to  of thecucsingle mutants (Aida et al., 1997) and PCR analyses which
embryonic SAM formation (McConnell and Barton 1995: could detect thestm-1mutation. Phenotypes of the double mutants
Clark et al., 1996; Endrizzi et al., 1996), suggesting g7y Wwere examined in thesFgeneration. For construction of the triple
acts upstrt;am of ’these genes ir;this prbcess mutants, plants heterozygous fsim-1 were crossed with plants

. . homozygous focucland heterozygous fauc2 Two R families that
Arabidopsis_CWP-SHAPED _OTYLEDON 2(CUC2) and segregated bottucl cuc2andstm-1mutants were selected (family 1

petuniano gpical meristem(nanm) are members of another class ang 2). in family 1, approx. 1/16 seedlings with ¢hel cucziouble
of genes involved in both SAM formation and Coty|Ed0nmutant phenotype were observed (16 of 406, F:3_46‘P>0.05;
separation (Souer et al., 1996; Aida et al., 1997). Both genesiculation based on 1:15 ratiomfc1 cuceedlings to others), and
encode members of the NAC domain proteins, whosehenotypes of the othep Beedlings were normadtm-1 cucl stm-1
biochemical function is unknown. Double mutationsCldC2  or cuc2 stm-1Genotypes oSTMlocus in thecucl cuc2seedlings
and another redundant gen@JUC1, cause the lack of an were examined using PCR analysis with specific primers. Among
embryonic SAM and a nearly complete fusion of the cotyledongfem. 3 were homozygous fetm-1 10 were heterozygous fetm-
although each single mutant is basically normal (Aida et alilﬁ d?cneﬂirt]gei;g&zﬂggmsirm‘zrr‘iar;%'goéy%?ﬁ ;(I)Izraltezhseimtjétly?:icséllem,
égfge?C)t-s '\t/lhu;ﬁt[[?]gié; éﬁ?;jrgugbelgem%et‘;ﬁf Iﬁg&a%u?;;tgeﬁger double mutants. Essentially the same result was obtained in family 2.
" ’ . The results indicate thaucl cuc2 stm-shows the same phenotype
SAM develops and cotyledons are partially fused on one sidg; that ofcucl cuc?.
(Souer et al., 1996). Adventitious shoots are occasionally formed
from tissue culture afucl cuc2nutant hypocotyls or fromam
mutant seedlings, and these shoots show almost norrr
vegetative and reproductive development except that the A
flowers have several defects including organ fusion (Souer et &
1996; Aida et al., 1997). These observations suggest that t
CUC1, CUC2and nam genes are not essential for SAM
maintenance. Expression namis not detected in the SAM
itself but in the boundaries of the SAM and cotyledons (Soue
et al., 1996). This unique expression pattern, together with tt
mutant phenotypes afam and cucl cuc? indicates a close
relationship between SAM formation and boundary
specification. However, interaction between the NAC genes ar
STMin these processes remains to be determined.

To investigate roles offUC1, CUC2 and STM during
embryogenesis, we examined in detail the temporal and spat
expression oCUC2andSTMmRNAs during embryogenesis.
In addition, expression oCUC2 in the stm mutant and
expression ofSTM in the cucl cuc2double mutant were
examined. We also examined phenotypes of the double al
triple mutants ofcucl, cuc2 andstm The data indicate that
theCUC1andCUC2are essential fdBTMexpression to form
the SAM and tha®TMis required for proper spatial expression

of CUC2to separate cotyledons. Fig. 1. Development of the apical region in the wild type andl
cuc2embryos. (A) Schematic diagram of the apical region of the
wild-type embryo viewed from above. CP, cotyledon primordia
region; PS, presumptive SAM region; BCM, boundary region of

MATERIALS AND METHODS cotyledon margins. (B-D) Scanning electron micrograph (SEM)
N images of (B) wild-type seedling at 3 days postgermination viewed
Plants and growth conditions from above; (C) wild-type embryo at the heart stagec{i2)l cuc?

Arabidopsis thalianacotype Landsbergrectawas used as the wild embryo at the heart stage. Arrowheads indicate ectopic bulging of
type. The origin of theuc mutants was described previously (Aida BCM. Scale bars, 100m (B) and 4Qum (C,D). c, cotyledon

et al.,, 1997). The origins of thetm-1 and stm-2 mutants are as primordia; co, cotyledons; sa, SAM; bcm, boundaries of cotyledon
described by Barton and Poethig (1993) and Clark et al. (1996). Plarmargins.
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Scanning electron microscopy (SEM) subsequent steps. Samples were then subjected to dehydration and
Seedlings or dissected embryos were fixed in FAA overnight at 4°Qiritical point drying. Samples were mounted on stubs and coated with
Embryos were attached to poly-L-lysine coated coverslips before thgold in an ion splutter coater before observation.

Fig. 2. Ectopic bulging of the
presumptive SAM (PS) inucl

G cuc2embryos. Embryos were
cleared and viewed with
25 Nomarski optics. Lower

arrowheads indicate the {ne

and upper arrowheads indicate the
e embryo apex. The distance
between the arrowheads indicates
5F = = the length of the PS in the apical-
basal direction. (A) Wild-type
embryo at the globular stage.

(B) Wild-type embryo at the heart
stage. (Cxucl cuczmbryo at

the heart stage. (D-F) Higher
magnifications of A, B and C
respectively. (G) Mean lengths of
PS in the apical-basal direction
(n=18). Error bars represent
standard error. Scale bars, |20
(A-C) and 10um (D-F).

20

mean length (xm)

wild type
heart
cuc
heart

Fig. 3.CUC2andSTMmRNA expression in wild-type embryos. For
definition of section planes, see Long and Barton (1998). (A-E) Early
stage embryos probed wi@lUC2 Arrowheads indicate the

protoderm cells in whicRUC2is not detected. (A) Frontal section

of mid-globular embryo. (B) Sagittal section of late-globular embryo.
(C) Frontal section of early-heart embryo. (D) Sagittal section of
early-heart embryo. (E) Transverse section of torpedo embryo.
(F-H) Early stage embryos probed w8i'M Arrowheads indicate

the protoderm cells in whicBTMis detected. (F) Frontal section of
late-globular embryo. (G) Frontal section of early-heart embryo.

(H) Transverse section of early heart embryo. (1,J) Bending
cotyledon embryos probed wi@UC2in frontal (I) and transverse

(J) sections. (K,L) Bending cotyledon embryos probed &itMin
frontal (K) and transverse (L) sections. Diagrams in B,D,E,H,J,L
represent frontal view of each embryo with red line indicating the
section plane. Scale bars, 4®. c, cotyledon primordium.
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Clearing of embryos and seedlings (Fig. 2A,D). Some of the hypodermal cells in this region divide
For visualization of embryos or seedling vasculature, ovules ciransversely by the heart stage, resulting in two or three cells
seedlings were cleared as previously described (Aida et al., 1997Fig. 2B,E; Barton and Poethig, 1993). In spite of an increase
Nomarski images (in Fig. 2) were processed in Adobe Photoshop $@ the number of cells, the length of the PS in the apical-basal
that cell walls could be clearly seen. direction did not changed markedly during the transition from
the globular to heart stages (Fig. 2G)cutl cuczheart stage

T . .. embryos, however, the length was significantly greater

Digoxigenin-labeled RNA probes were synthesized with in wtrocom d . :
2~ : : pared to the wild type at the same stage (FigP2G.0001

transcription using T3 or T7 RNA polymerase according to )
manufacturer’s instruction (Boehringer Mannheim). Templates forStu_dent S“?St)- althou_gh the number of cells was two or three
transcription ofCUC?2 antisense probes were derived from a PCR-@S in the wild type (Fig. 2E,F). These results suggest that the
amplified 558 bp fragment corresponding to the 3rd exon (Aida et alGells in the PS of theucl cuc2double mutant elongate
1997) or a reverse transcriptase PCR-amplified 1140 bp fragmeabnormally in the apical-basal direction and caused slight
containing the whole coding region of t8&JC2cDNA (unpublished  bulging in this region. In later heart stages, however, the PS is
data). Both probes gave identical results. The 558 bp fragment doapparently depressed (Fig. 1D), suggesting that the ectopic
not contain the conserved NAC domain to prevent cross hybridizatiopulging of the PS is only transient.
to other NAC-box containing genes. Templates fo6@aiMantisense In stm embryos, ectopic bulging in the BCM was first
probe correspond to the region that spans amino acids 81-382 aagtected at the bending-cotyledon stage (data not shown),
includes the TR (Long et al,, 1996). Control experiments were oq g in slight fusion of cotyledon petioles (Clark et al.,

performed with or without the sense probe<tfC2 or STM made . - ;
from the above templates, and no signal above background W&§96’ Endrizzi et al., 1996; Long and Barton, 1998). Battl

detected. Tissues were fixed, dehydrated, and embedded as descrife§2 and stm mutants completely lack an embryonic SAM,
by Lincoln et al. (1994). §im sections were cut and attached to 3-Which is normally formed in the PS (Barton and Poethig, 1993;
aminopropyltriethoxysilane-coated slides (MATSUNAMI). Section Aida et al., 1997). Thus, in normal developmé&igC1, CUC2
pretreatment and hybridization were performed according to thandSTMare suggested to function in the PS to form the SAM
method of Lincoln et al. (1994), except that hybridizatioCtfC2  and in the BCM to repress bulging for cotyledon separation,
probes was performed at 45°C. Immunological detection wagithough the contribution @TMin the BCM is much smaller
performed as described by Coen et al. (1990). than that ofCUC1andCUC2 CUC1andCUC2also seem to

be required for the repression of bulging in the PS during the

transition from the globular to heart stages.

In situ hybridization

RESULTS

Expression patterns of CUCZ2and STM in wild-type
The cucl cuc? and stm mutants show defects in embryos
SAM formation and cotyledon separation To confirm the site wher&€€UC2 and STM function, we

The apical region of the wild-type embryo Afabidopsiscan  performed in situ hybridization in wild-type embryos using
be divided into three types of subregions based on their fin@lUC2 and STM specific probes. Expression 8TM during
fates, which become apparent in the seedling (Fig. 1A,B). Thembryogenesis has already been examined in detail (Long et
first region is bilateral, where cotyledons arise (referred to as C&l., 1996; Long and Barton, 1998), and we largely confirmed
cotyledon_pimordia region). Bulging of cotyledon primordia the previous results.
begins at the heart stage (Fig. 1C). The second region, at theln early stages of embryo development, the expression of
center, gives rise to the SAM (referred to as R8symptive  both genes largely overlapped (Fig. 3A-H). TdC2mRNA
SAM region). The PS does not bulge during early stages ofias detected at the early- to mid-globular stages in a few cells
cotyledon formation (Fig. 1C), but later at the bending-cotyledoim the PS just above the {ine (Fig. 3A). By the late-globular
stage, it bulges slightly as the SAM become histologicallystage, the signal spread along the medial axis, resulting in a
apparent (Barton and Poethig, 1993). The third i@antary stripe across the top half of the embryo (Fig. 3B). At the heart
region of_otyledon_nargins (referred to as BCM). The BCM stage, the stripe pattern was detected between cotyledon
does not bulge throughout embryogenesis so that cotyledons gmémordia (Fig. 3C,D) and continued until the torpedo stage
separated from each other. (Fig. 3E). TheCUC2 signal was restricted to the hypodermal
Both thecucl cuc2iouble mutant anstmsingle mutant show cells and was not detected in the protoderm cells (arrowheads
defects in PS and BCM. The phenotypewnél cuc2was first  in Fig. 3A-D). STMmMRNA was first detected slightly later than
apparent at the heart stage (Aida et al., 1997). From this staG&C2, in the late-globular stage (Fig. 3F). SimilarGUC2
on, ectopic bulging occurs in the BCM, which leads to theSTM subsequently spread as a stripe between cotyledons and
congenital fusion of cotyledon primordia (Fig. 1D). Thisthe stripe continued through the heart stage (Fig. 3G,H) until
eventually results in the formation of fused cup-shapethe torpedo stage (data not shown). UniKkdC2 the STM
cotyledons (Aida et al., 1997). We found that ectopic bulgingignal was also detected in the protoderm cells (arrowheads in
occurred not only in the BCM, but also in the PS slightly and-ig. 3F,G).
transiently during the transition from the globular to heart stages Later in the bending-cotyledon stage, when the developing
(Fig. 2). SAM began to bulge slightly, spatial expression of the two
In longitudinal sections, the globular embryo is divided intogenes became different (Fig. 31-lQUC2was not detected at
the apical and basal halves by thél@e (Fig. 2A, lower the center, and it was detected in a region surrounding the SAM
arrowhead), which derives from transverse cell divisions at th@=ig. 31,J). This region corresponds to BCM and the boundaries
eight-cell stage (West and Harada, 1993). Above the O’ lindhetween the SAM and cotyledons. TR&JC2 signal was
cell number in the apical-basal direction of PS is normally twaletected in the protoderm cells, unlike in the early stages. In
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contrast taCUC2, STMsignal disappeared from BCM, and was phenotype ofstm-2 was enhanced by bottucl (data not
detected only in the SAM (Fig. 3K,L). Whether the signals olshown) anccuc2 (Fig. 4K). The extent of fusion was weaker

CUC2andSTMoverlap or not is unclear. compared testm-1 cuclor stm-1 cuc2
. ) The synergistic interactions betweeucl or cuc2andstm
STM expression requires CUC1 and CUC2 mutations suggest th@UCI/CUC2andSTMact in the same

To determine the relationship betwe@dC1, CUC2andSTM or an overlapping pathways for the separation of cotyledons.

we constructed the triple mutant@icl, cuc2andstm-1(see  To test this further, we next examined expressioGWE€2 in

Materials and methods). The seedling phenotype of the tripgmmutant embryos.

mutant was the same as that of thel cuc2double mutant, . ) ) o

showing fused cup-shaped cotyledons and complete lack of 4#/C2 spatial expression late in embryogenesis is

embryonic SAM (Fig. 4A,B). This epistasis oficl cuc2to  disturbed in stm-1 mutants

stmsuggests tha&TMis not functional in theucl cucZlouble  Thestm-1mutant phenotype becomes apparent at the bending

mutant. Thus, we next examined expressio®Tdflin thecucl  cotyledon stage (Barton and Poethig, 1983)C2 expression

cuc2 double mutant embryos developing in siliques ofin the stm-1mutants before this stage appears to be normal,

cuclcucl cuc?+ plants. since we could not detected any abnormal expression in a
The phenotype of theucl cuc2double mutant is first population of heart stage embryos developing in siliques of

apparent at the heart stage. At this stage, the depressiplants heterozygous fatm-1(n=30, data not shown).

between cotyledon primordia of the double mutant is less In the bending-cotyledon stage, however, spatial expression

clear compared to wild-type embryos (compare Fig. 2B andf CUC2was variable irstm-1mutants (compare Figs 3J, 5C,

C). When thesTMprobe was hybridized touclcucl cuc?+ 5D). Fig. 5C shows an example of BC2expression pattern

siliques, the signal was not detected in the double mutaim a transverse section of atm-1embryo. In this cas&UC2

embryos (Fig. 5A), although it was detected in the othesignal was detected as a spot in the center. By examining the

phenotypically normal siblings (Fig. 5B). 20 of 75 heart stageserial sections cut along transverse or longitudinal planes of

embryos fromcuclcucl cuc?+ siliques failed to express different embryos, we observed not only this type but also other

STM consistent with the expected ratio of the double mutartypes of patterns in which the signal was detected as a single

embryos.STMexpression after the heart stage of the doublspot in a lateral position (Fig. 5D, top) or two spots in opposite

mutant was not detected, either (data not shown). In normabsitions between cotyledons (Fig. 5D, bottom). These results

siblings incuclcucl cuc?+ siliques, intensity and spatial indicate thatSTMis required for the proper spatial expression

pattern of theSTM signal was normal (Fig 5B), suggesting of CUC2at the bending-cotyledon stage.

that thecucl single mutation did not affect expression of

STM Normal expression ddTMwas also observed icuc2

single mutant embryos (data not shown). These resulf8lSCUSSION

indicate thatCUC1 and CUC2 are redundantly required for

STMexpression. Expression of CUCZ2 marks the boundaries of
cotyledons and the SAM
Double mutants of cuc and stm Expression patterns oEUC2 and STM are schematically

We next constructed and examined the double mutactscdf represented in Fig. 6. In early stages of embryoger@sis2
stm and cuc2 stm(see Materials and methods). Wild-type is expressed in PS and BCM, in which ectopic bulging occurs
seedlings have separate cotyledons (Figs 1B, 4C). Each singhethe cucl cuc2double mutant. LateiCUC2 expression is
mutant ofcuclor cuc2is basically normal, except that a few excluded from the center but continues in BCM. These results
seedlings (less than 1%) show cotyledon fusion along one sideiggestCUC2acts to repress bulging in the boundary between
of the margins (Aida et al., 1998tm-1(strong mutant allele; cotyledons to separate the@UC2 is also expressed in the
Long et al., 1996) shows partial cotyledon fusion at the basdmundaries between the developing SAM and cotyledons,
(Fig. 4D). The fused region is slightly expanded. Vasculasuggesting that it is required for repression of bulging in these
bundles in the expanded region split in two as in wild-typeegions to separate the SAM and cotyledons.
petioles (compare Fig. 4F,G), confirming that this region was In the cucl cuc2double mutant, ectopic bulging in the PS
fused petioles and not hypocotyl. Severity of fusion somewhas only slight and transient compared to that in the BCM. How
varied among eachtm-1seedling. Even in the most severethis difference occurs is unclear. There may be another
mutant phenotype, however, fusion was restricted to the regidactor(s) which specifically represses bulging in the PS. It is
from the base to the middle part of the petioles and did natlso possible that cells in the PS may not be fated to be
extended to the blades. Symmetry of fusion also varied — exteimcorporated into cotyledon primordia per se, whereas cells in
of fusion was more severe on one side in some seedlings. the outer region (CP and BCM) may have potential to become
Severity of the fusion phenotype was enhancethml cuc2 cotyledon cells. The different responses of cells in PS and
double mutants compared to thasim-1single mutants (Fig. BCM to loss of CUC1 and CUC2 activities suggest that a
4E,H). In the most extreme cases, fusion extended to cotyledpnepattern distinguishing PS from the other regions exists in
blades. Theuclmutation also enhanced the fusion phenotypehe apical part of the globular embryo, and the prepattern is not
of stm-1, although the extent of fusion was slightly milder thandependent o€UC1andCUC2 (see below).
that ofstm-1 cuc4Fig. 41). We also examined double mutants ) )
of stm-2(weak mutant allele; Clark et al., 1996) antt1, as  Interaction of CUC1, CUCZand STMin SAM
well asstm-2andcuc2 stm-2single mutants show no or only formation
slight fusion of cotyledon petioles (Fig. 4J). The fusionSTM mRNA is expressed in both PS and BCM in the early
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Fig. 5. STMexpression irtucl cuczandCUC2 expression irstm-1
embryos. (A) Frontal section of heart stagel cucZmbryo in a
cucYcucl cuc?+ silique probed wittf5TM (B) Frontal section of
normal siblings in the same silique probed v8ffM (C) Transverse
section ofstm-lembryo at the bending-cotyledon stage probed with
CUC2 (D) Schematic diagram of two other variation€€afC2
expression in transverse sectionstofi-lembryos at the bending-
cotyledon stage. Signals are represented by blue color. Diagram in C
represents frontal view of an embryo with the red line indicating the
section plane. Scale bars represenu#0 c, cotyledon primordium.

Later at the bending-cotyledon stag®JC2 expression is
downregulated in the developing SAM where83M is
continuously expressed. This observation suggests that, once
STMis activatedCUC2expression in PS is no longer required
for the maintenance o8TM expression at least after the
torpedo stage. Whether the downregulation GJC2 is

Fig. 4. Double and triple mutants oficl cuc2andstm Seedlings at

6 days postgermination oficl cucA), stm-1 cucl cucgB), wild : : LS
type (C).stm-1(D), stm-1 cucE), stm-1 cucil), stm-2(J), and essential to accomplish SAM formation is unknown.

stm-2 cucK). (F,G,H) Cleared seedlings of C,D and E How doesCUC2 activateSTM? One possibility is that the
respectively. Each arrowhead indicates a point where vascular CUC2 protein may directly activa8TMtranscription. There

bundles split in two, marking the boundary between hypocotyl and IS an implication that at least one NAC domain protein,
cotyledon petioles. AtNAM, can act as a transcriptional activator in yeast (M.

Duval and T. L. Thomas, personal communication).
Alternatively, CUC2 may affect STM expression indirectly
stages of embryo development, but later, the signal disappedhsough changing expression of other unidentified factors.
in BCM and becomes restricted to the developing SAM (Fig. ) )
6). This expression pattern is consistent withSfiéMfunction  Interaction of CUC1, CUCZ and STMin cotyledon
deduced from the mutant phenotype; i.8TM is mainly  Separation
required for SAM formation and partially required for The synergistic interactions betweemc2 andstmas well as
cotyledon separation. abnormal spatial expression dEUC2 in stm bending-
Our results indicate th&@UC1 and CUC2 act upstream of cotyledon embryos suggest tf&IM contributes to cotyledon
STMand are redundantly required f8iTM expression. Loss separation by regulating the spatial patter810fC2expression
of STM expression incucl cuc2embryos accounts for the late in embryogenesis. Loss GfJC2 expression at the BCM
meristemless phenotype of this mutant. We propose that stm mutants at the later stage of cotyledon development
embryonic SAM formation irArabidopsisis divided into two  accounts for the partial fusion phenotype of cotyledon petioles.
steps. FirstCUC2 (and presumablZUC1) expression occurs The variableCUC2 spatial expression may be correlated with
in the stripe region of the globular embryo. SecongiljMis  the variable fusion phenotypes observedtmseedlings. The
activated directly or indirectly bZUC1 and CUC2 in this  phenotype otucl stmdouble mutant seedlings suggests that
region and starts the SAM-specific program as a transcription&8lTMalso regulate€UC1to separate cotyledons.
regulator in the PS. It is unclear howSTM regulates the spatial expression of
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Q@
D@

Fig. 6. Schematic diagram €8UC2andSTMmRNA expression Fig. 7. A model for apical pattern formation. (A) Frontal view of the
patterns. Expression patterns@Gf#C2andSTMin transverse globular embryo. Apical region is shown in gray. (B) The radial
sections are shown in blue. At the left, the section planes are pattern. (C) The bilateral pattern. See text for details.

represented by red lines on frontal views of embryos. (Taf}2
andSTMexpression at early stages (from the globular to torpedo
stages). (BottomfUC2andSTMexpression at the bending-

cotyledon stage. begins in the medial region in response to positional

information based on the bilateral pattern. Th€i)C2

represses bulging in the BCM, which corresponds to the
CUC2at the bending-cotyledon stage. Considering the nearlgverlap of the medial and outer regions. Later in the bending-
complementary distributions of each transcript at this stageptyledon stageCUC2 is downregulated in the inner region
one could suppose mutual repression; 8@ Mdownregulates and so isSSTMin the outer region in response to positional
CUC2 in the center andCUC2 downregulatesSTM in the  information based on the radial pattern.
surrounding region. This simple model, however, does not How these patterns are established is not yet knowaudh
seem to be appropriate, because losSTdflactivity results in  cuc2 double mutants andétm mutants, the PS does not
a variable spot(s) a&UC2expression rather than a mere stripe,markedly bulge in contrast to the surrounding regions,
which is predicted by the model. The variable expressiosuggesting that the radial pattern is retained. The stripe of
patterns ofCUC2in stmsuggest thaBTMmay affectCUC2  CUC2 expression is still observed gtm mutants, suggesting
expression through a more complex process in which othéhat the mutation does not affect the bilateral pattern.
unidentified factors are involved. Such factors may includéistological analysis indicates that bilateral symmetry is
negative regulators which downregul&gC2in the center in  retained in thecucl cuc2double mutant (Aida et al., 1997).
response to aBTMdependent positional cue. Thus, CUC1, CUC2 and STM may not be required for the

Like CUC2 spatial expression oB8TM in the bending- formation of either of the patterns. &tm mutants, however,

cotyledon stage must be regulated so that downregulation gites in which downregulation o€UC2 occurs is often
BCM occurs correctly. Whether this downregulation requireslisturbed. This observation suggests thatstm the radial

the CUC genes is unknown. pattern is not maintained or positional information based on
] ] ) the radial pattern is not correctly converted to @dC2

A model for apical pattern formation during expression pattern.

Arabidopsis embryogenesis Mutations inPIN-FORMED (Goto et al., 1991; Liu et al.,

The apical region of the embryo consists of three types df993; Okada and Shimura, 1998INOID (Bennett et al.,
subregions, which respectively give rise to cotyledons, th&995),ALTERED MERISTEM PROGRA{haudhury et al.,
SAM, and cotyledon boundaries. Based on our results, wE993), MONOPTEROS(Berleth and Jurgens, 1993), and
propose a model that these subregions are established B®PLESSEvans and Barton, 1997) result in altered bilateral
superimposition of two patterns, radial and bilateral (Fig. 7)symmetry, so that these genes may be involved in
The radial pattern consists of the inner and outer regions. Thistablishment of the bilateral pattern. The ring-shaped
pattern is indicated by the different fates of cells in PS and thexpression of th&NTgene in the globular embryo (Long and
surrounding region (CP and BCM) in tleecl cuc2double  Barton, 1998) may suggest its involvement in the radial pattern
mutant; i.e., cells in the surrounding region are incorporatetbrmation. Detailed analyses of these genes and their
into the bulging cotyledon primordia whereas cell in the centerelationship toCUC1, CUC2and STMmay help to elucidate
are not. The radial pattern is also indicated by expression tfie origin of the apical patterns.

the AINTEGUMENTAgene, which is found as a ring in the

outer region but not in the inner region of the globular embryo We would like to thank M. K. Barton, E. M. Meyerowitz, and J. .
(Long and Barton, 1998). The bilateral pattern consists of thidedford for providing seeds aftm-1 stm-2 and anSTM cDNA
medial region and two equivalent lateral regions. This pattern [GOn€: respectively. We also thank J. A. Long for providing sequences

S o . : of the PCR primers to detestm mutations, and E. Moctezuma for
g}ggﬁ:ﬁ%%g&%'mual stripe patterns@UC2andSTMin the critical reading of the manuscript. This work is supported in part by
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In this model, the radial pattern specifies fates of the inn&§y, priority Areas from the Ministry of Education, Science and Culture
and outer regions of the globular embryo, so that the out@f japan and by a grant for ‘Research for the Future’ Program from
region can bulge out as cotyledon primordia but the innethe Japan Society for the Promotion of Science to M. T., and by
region cannot. On the other hai@lJC2andSTMexpression  Grants-in-Aid from the Ministry of Education, Science and Culture
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