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SUMMARY

Continuous organ formation from the shoot apical
meristem requires the integration of two functions: a set of
undifferentiated, pluripotent stem cells is maintained at the
very tip of the meristem, while their daughter cells in the
periphery initiate organ primordia. The homeobox genes
WUSCHEL (WUS) and SHOOTMERISTEMLESS (STM)
encode two major regulators of meristem formation and
maintenance in Arabidopsis yet their interaction in
meristem regulation is presently unclear. Here, we have
addressed this question using loss- and gain-of-function
approaches. We show that stem cell specification WUS
does not requireSTM activity. Conversely, STM suppresses

and STM activities induce the expression of different
downstream target genes. Finally, the pathways regulated
by WUSand STM appear to converge in the suppression of
differentiation, since coexpression of both genes produced
a synergistic effect, and increasedNVUS activity could
partly compensate for loss ofSTM function. These results
suggest thalWwUSand STM share labour in the shoot apical
meristem: WUS specifies a subset of cells in the centre
as stem cells, while STM is required to suppress
differentiation throughout the meristem dome, thus
allowing stem cell daughters to be amplified before they are
incorporated into organs.

differentiation independently of WUS and is required and
sufficient to promote cell division. Consistent with their
independent and distinct phenotypic effects, ectopi&vUS
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INTRODUCTION 16-cell stage embryo and later becomes restricted to a small
central cell group underneath the presumed stem cells in the
Postembryonic development of higher plants is characterizaslitermost three cell layers. ThWUSexpression appears to
by the continuous formation of organs from the shoot apicalefine an organizing centre whose activity establishes an apical
meristem (SAM) (Steeves and Sussex, 1989). The SAM servgsoup of long-term stem cells.
two main functions: in the central zone, a population of WUSexpression is under negative control by @leAVATA
undifferentiated, pluripotent stem cells is maintained, and igenes CLV1, CLV2andCLV3), which encode components of
the peripheral zone, lateral organ primordia are initiated. Whila presumed receptor-kinase signal transduction pathway (Clark
all cells of the meristem dome remain undifferentiated untiet al., 1997; Jeong et al., 1999; Fletcher et al., 1999lvin
they are incorporated into organ primordia, only a specializethutants, the SAM enlarges progressively by the accumulation
subset functions as long-term stem cells from which all cellsf stem cells (Clark et al., 1993; Clark et al., 1995; Fletcher et
of the shoot and its lateral organs are ultimately derived (Satirsd., 1999), and this enlargement appears to be a consequence
et al., 1940; Stewart and Dermen, 1970). These stem cells akectopicWUSexpression in more apical and lateral cells in
located in three cell tiers at the very apex and coincide witblv mutant SAMs (Schoof et al., 2000). This has led to a model
the domain where th€ELAVATA3(CLV3 gene is expressed in which stem cell maintenance is regulated by a negative
(Fletcher et al., 1999). feedback loop mediated by tlieUSandCLV3genes, with the
Genetic analysis irArabidopsishas identified two major organizing centre signalling to the apical neighbours to specify
regulators of SAM formation and maintenance, the homeobothem as stem cells, which in turn signal back to restrict the size
genes WUSCHEL (WUS and SHOOTMERISTEMLESS of the organizing centre (Brand et al., 2000; Schoof et al.,
(STM. In wusmutants the apical stem cells are unable to self2000).
maintain (Laux et al., 1996; Mayer et al., 1998), whereas Loss-of-function mutations in tt@HOOTMERISTEMLESS
ectopic WUS expression can abolish organ formation at thg STM) gene, which encodes a homeodomain protein of the
SAM and induce expression of the putative stem cell markd(NOTTED class (Long et al., 1996) also result in a lack of a
CLV3 (Schoof et al., 2000). During embryogenediglUS self-maintaining meristem. Instead of forming a SAM, the cells
mMRNA can first be detected in the four inner apical cells of then the apex ofstm mutant embryos appear to differentiate
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(Barton and Poethig, 1993; Endrizzi et al., 1996). In additionpreviously (Schoof et al., 2000). In all cases, samples to be compared
stmmutant seedlings exhibit fusion of the cotyledon petiolesyhere stained for the same duration.

suggesting thatSTM fulfils two functions: it inhibits
differentiation of the cells in the embryo apex and prevent ant typed for theus-1allele by dCAPS (Neff et al
outgrowth of the cells separating the cotyledon primordia irj -a'S Were genotyped for theus-Lallele by en et al,
the periphery. Repression of differentiation 8fM in the 998) as described by Grol3-Hardt et al. (GroR-Hardt et al., 2002).

SAM primordium appears to occur mainly via repre§sion 0tonstruction of transgenes and plant transformation

the MYB-related gendSYMMETRIC LEAVES(ASY), since oy a1l misexpression experiments we usec®pL two-component
loss of AS1 function in anstm mutant background rescues system, where a promoter of interest controls the expression of a
SAM formation (Byrne et al., 20000TMmMRNA is expressed synthetic transcription factor, LhG4 (Moore et al., 1998). The gene to
in the shoot meristem primordium from the globular embryde expressed is controlled by a synthetic prom@®p, which is
stage on, and postembryonically expression is foundpecifically activated by LhG4. For the sake of simplicity, we will
throughout the SAM, but is excluded from incipient organrefer to plants, for example, of the genotyféT::LhG4 pOp::STM
primordia (Long et al., 1996). aséeNnTeritTum of the@Op::WUS-pOp::GUSMT72) transgenic line
an\évg?&eirn?ggagtoﬁthse Arl\e/lgllf(l)?ﬁ])gi opr? tgvx?jyiqieigtr:qua/r?ﬁ is as well as oANT::LhG4andCLV1::LhG4lines was described before

. . Schoof et al., 2000).
presently unclear. However, several lines of evidence have beery thepOp::STMconstruct, theSTM coding region was isolated

taken to suggest thaVUSis a downstream target &TMin g0 hCGN154735S::STM (kindly provided by R. Williams) by
functional SAMs:wusmutations exacerbate the phenotype ofgigestion withBarmHI and subcloned into pU-BOP (kindly provided
weak stmloss-of-function alleles, while strorgfmmutations by I. Moore) which had been digested wBanH!|. The resulting
are epistatic towus (Endrizzi et al.,, 1996),STM exhibits  pOp::STM fragment was excised from pU-BCEHM by partial
dosage-sensitive interactions with eV genes (Clark et al., digestion with Sad¢ and Hindlll and subcloned into pBarM, a
1996), suggesting th&TMandCLV may act antagonistically derivative of pGPTV-BAR (Becker et al., 1992), linearized vt
on common downstream targets, one of which coul&/hi§ andHindlll to yield plasmid MT153. For thpOp::STM-pOp::GUS
althoughWUSexpression is initiated correctly gimmutants, ~ construct, 0Op:GUSfragment was isolated from plasmid MT162
it is not maintained in later embryo stages (Mayer et al., 1998 y digestion withEcaRIl and inserted into plasmid MT153 to yield

However,WUSexp_ression is initiated earlier in embryogenesis ™ - . the35S::WUS-GRonstruct, thaVUSopen reading frame was
than STM expression (Mayer et al., 1998; Long and Bartonamp“ﬁed using primers WUS5BAM (BGT CGG GAT CCA CAC
1998), arguing that at least in embryonic SAM formation thergca TGG-3) and WUS3BAM+2 (5GAG CGG ATC CAG ACG
is no linear pathway withVUSdownstream o5TM TAG CTC AAG AG-3), digested withBarrHI and subcloned into

To understand how the functions @WUS and STM are  the BanHI site of pRS020 (kindly provided by R. Sablowski)
integrated in SAM regulation, we have analyzed theiwhich contains the coding sequence of the C terminus of the rat

interactions, using a combination of loss- and gain-of-functiolucocorticoid receptor (GR), producing an N-terminal fusion of

approaches. WUS to GR (MT141). Th&VUSfragment was sequenced to exclude
amplification errors. The resultingUS-GRfusion gene was inserted
as anXba/Sma-fragment into pBar35S (kindly provided by G.
Cardon) to yield MT142.

gCR-based genotyping

MATERIALS AND METHODS Generation of th&®VUS::NLSGUSndCLV3::NLSGUSconstructs
) N have been described previously (Grof3-Hardt et al., 2002).

Mutant lines, growth conditions and dexamethasone All constructs were introduced infsgrobacteriumstrain GV3101

induction (pMP90) (Koncz and Schell, 1986) by electroporatiarabidopsis

The wild type used in all experiments was the Landsbercta(Ler) wild-type plants were transformed by floral-dip (Clough and Bent,

ecotype. Thevus-1mutant has been described previously (Laux et1998).

al., 1996; Mayer et al., 1998), as well asstra5mutant (Endrizzi et KNAT1::GUStransgenic plants were kindly provided by S. Hake;

al., 1996).stm-5carries a G to A transition of the first nucleotide of the KNAT2::GUSline was obtained from J. Dockx and J. Traas, and

the third intron, which changes the conserved GA dinucleotide of ththe CycB1;1::CDBGUSIine was a gift from J. Celenza. In this

exon-intron boundary to AA and is predicted to prevent the introrconstruct, the cyclin-destruction-box (CDB) GfcB1;1is fused in

from being spliced out. This would result in a translational stop afteframe to GUS, causing the protein to be degraded at the end of mitosis,

the addition of ten unrelated amino acids, causing a loss of thalowing visualization of cell-cycle progression by staining for GUS

C-terminal half of the homeodomain (A. Haecker and T. L.,activity.

unpublished). Plant growth conditions were as described previously o

(Laux et al., 1996). For dexamethasone induction, plants were spray8tsitu hybridization

with a solution of 5uM dexamethasone (Sigma Aldrich; St. Louis, In situ hybridization foWUSandCLV3was performed as described

USA)/0.015% Silwet L-77 (OSi Specialties; Meyrin, CH) in tap water.by Mayer et al. (Mayer et al., 1998) and Schoof et al. (Schoof et al.,

For the mock treatment, 0.025% ethanol/0.015% Silwet L-77 in taR000), respectively.

water was used, since the dexamethasone stock solution was 20 mM~or theKNAT1riboprobe, theKNAT1cDNA was amplified from

in 100% ethanol. Seedlings were harvested 2 days after induction.reverse transcribed poly(A)RNA of Landsbergerecta seedlings
using primers KNAT1-FOR (5TCT CTC GAG TCT TTA CTC ATC

Histology, scanning electron microscopy and GUS TGG G-3) and KNAT1-REV (5-AAA GGA TCC GTT GTA ACA

staining AGA AAG C-3). After digestion withXxhd and BanHI, the cDNA

Preparation of histological sections from LR-White embeddedvas inserted into pBluescript Il KSThe C-terminal part, containing

material, DAPI staining of seedlings and scanning electrorthe homeobox, was removed by digestion Wtia and religation to

microscopy were done as described previously (Laux et al., 199§jeld ML343. For the antisense probe, ML343 was linearized with

Schoof et al.,, 2000). GUS staining was performed as describexhd and transcribed with T7 RNA polymerase (Promega; Madison,
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USA) using a digoxigenin-labelling kit (Roche Diagnostics; We showed that no significant cross hybridization could occur
Mannheim, Germany); for the sense probe, ML343 was linearizedetween th&NAT2antisense riboprobe akdNAT1ImRNA by a filter
with Xba and transcribed with T3 RNA polymerase (Promega;hybridization experiment that mimicked the conditions of in situ
Madison, USA). hybridization (data not shown).

For the KNAT2 antisense riboprobe, plasmid pCKI-30 (kindly
provided by J. Traas) which contains the full-lengtKAT2 cDNA
was linearized witiXhd and transcribed with T7 RNA polymerase; RESULTS
for the sense probe, pCKI-30 was linearized witmdlll and
transcribed using SP6 RNA polymerase (Promega; Madison, USA)Ectopic expression of STM in leaf primordia

For all comparisons of wild-type and mutant or transgenicsuppresses cell differentiation
seedlings, sections from plants of the two genotypes under study w . . .
hybridized on the same slides, and only those slides were includedellélgsed on iis  expression patterlj apd Ioss—of_—funcnon

henotype, STM appears to maintain cells in an

the analysis that showed clear expression in the wild-type samplées. ™. ! . .
Where expression is reported, this was observed in several seridfdifferentiated state, before they are incorporated into leaf

sections. The numbers given faBLV1:WUSexpressingstm5 Primordia. To test whetheBTM was sufficient to suppress
mutants refer only to those seedlings that contained an adventitiogéfferentiation, we expressed/5TM ectopically in leaf
meristem. primordia, using theOpL two-component system (Moore et
al., 1998; see Materials and Methods). The functionality of the
STM transgene was confirmed by complementation of the
meristem defect istm5homozygous mutants (Fig. 1A-D).

We expressed STM under the control of the
AINTEGUMENTA (ANT) promoter, which shows a
complementary expression pattern to thatSaM i.e. it is
active in primordia of cotyledons and leaves (Elliott et al.,

Fig. 1. EctopicSTMexpression suppresses cell differentiation.

(A) Light micrograph of a non-transgersam5mutant seedling 8

days after germination. Cotyledon petioles are fused and no leaves
have been formed. (B) Light micrograph ofsim5mutant seedling
expressingCLV1::STM8 days after germination. The first pair of
leaves formed by the SAM is visible (arrow). The bases of the
cotyledon petioles are fused as in the seedling shown in A. We used
the CLV1promoter, which is active in the centre of the embryonic
shoot meristem primordium from heart-stage onward, and whose
initial activation does not requi®TMfunction (Long and Barton,
1998), since n&TMpromoter has been described that mimics the
endogenous mMRNA expression pattern. (C,D) Micrographs of DAPI-
stained seedlings. (@im5mutant seedling 5 days after germination.
No meristematic cells are visible inside the fused cotyledon petioles
(arrow). (D)CLV1::STMexpressingtm5mutant seedling 5 days

after germination. A meristematic region is evident from the bright
signal from cytoplasmically dense cells inside the fused petioles
(arrow). (E,F) Scanning electron micrographs. (E) Wild-type seedling
10 days after germination. c, cotyledon; |, leaf. AN)T::STM
expressing seedling with a strong phenotype 21 days after
germination. The petioles of the cotyledons (cp) are broader than in
wild type (compare with E). Leaves (I, arrow) are not expanded and
are rolled up at their margins. h, hypocotyl. (G) Light micrograph of
a mature second rosette leaf of a wild-type plant. (H) Light
micrograph of a mature second rosette leaf okldm::STM

expressing plant with a weak phenotype. The petiole (asterisk) is
broader than wild type and lateral outgrowths have developed into
leaf-like structures (arrow). (I-L) Cross-sections of plastic-embedded
leaf material from seedling 12 days after germination, stained with
Toluidine Blue. (I) Petiole of the first rosette leaf of a wild-type plant.
A vascular bundle (arrow) with differentiated cells lacking cytoplasm
is surrounded by large, vacuolated cells. (J) Basal part of the first
rosette leaf of aANT::STMexpressing seedling. The cells in place

of the vascular strand (arrow) are cytoplasmically dense and the cells
throughout the petiole are less expanded than in G. (K) The lamina of
the first rosette leaf of a wild-type plant. Note the high degree of
vacuolation and the large intercellular spaces (asterisk). (L) The
lamina of the first rosette leaf of AINT::STMexpressing seedling.
Cells throughout the leaf are smaller than in | and contain more
cytoplasm, indicating that differentiation is suppressed. Scale bars are
500um in C-H, 100um in I-L.
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1996; Klucher et al., 1996). Staining for the activity of a2C), consistent with our observation that these arose after the
linked ANT::GUS reporter gene confirmed expression ofmain leaf had already reached a certain size (data not shown).
the transgenes in cotyledons and leaf primordia (Fig. 2D)This result suggests that ectofitMexpression in cells of leaf
ANT::STMexpressing plants showed cotyledon and leaprimordia promotes their proliferation.
phenotypes of varying severity, depending on the individual Since the leaf phenotype &NT::STMexpressing plants
STMtarget line used. The petioles of the cotyledons and ofias similar to the effects observed when eitK&lAT1 or
leaves were up to approximately threefold wider than in nonKNAT2 two homeobox genes with potential regulatory
transgenic plants (Fig. 1E-H). Leaves were smaller than in wiléinctions in the shoot meristem, were overexpressed (Lincoln
type, and in the most extreme cases, were reduced to smellal., 1994; Dockx et al., 1995; Chuck et al., 1996; Pautot et
finger-like structures (Fig. 1F, arrow). Their dorsoventralityal., 2001), we addressed whetK®AT1or KNAT2was acting
was maintained, however, as judged from the development of one regulatory pathway withSTM. Staining for a
trichomes only on the adaxial side of early vegetative leavel§NAT1::GUS reporter revealed ectopic expression in the
and their anisotropic growth, causing the leaves to bend oveasculature of the cotyledons and in strongly affected leaves of
the SAM as they do in wild type. Furthermore, leaves of th&NT::STMexpressing seedlings (Fig. 2E,F), suggesting that
transgenic plants developed lateral outgrowths from the leafctopic KNAT1 expression can be activated by ectoitM
blade or petiole which was never observed in wild type (Figactivity. Similarly, theKNAT2::GUSreporter showed ectopic
1G,H). staining in the vasculature of the cotyledons and in leaves of
Histological analysis showed that differentiation of leaf cellSANT::STMexpressing seedlings (Fig. 2G,H).
was suppressed IANT::STMexpressing leaves compared to  In contrast td&KNAT1andKNAT?2 the stem cell marke&LV3
wild type. In the most severe cases we did not observe was not expressed ectopically IANT::STMexpressing
vascular bundle in the finger-like structures at a time whereedlings: using in situ hybridizaticddLV3 RNA was only
wild-type petioles contained a well differentiated vasculamdetected in the apical stem cells of the shoot meristem, which
strand (Fig. 11,J). In addition, the cells throughout the leaf wereias indistinguishable from wild type (Fig. 21,J).
small and cytoplasmically dense, resembling meristematic Thus, ectopic expression 8fTMin leaf primordia induces
cells in contrast to the large, vacuolated differentiated cells afxpression of two meristem genes and promotes cell
wild-type leaves (Fig. 1K,L). proliferation, yetSTMis not able to induce ectopic stem cell
Thus, STM is able to suppress cell differentiation in identity, based on expression of the presumed stem cell marker
developing leaves and instead maintains the potential to for@LV3
additional lateral outgrowths. These results support the ] ] . )
reported phenotype 85S::STMexpressing plants which have WUS induces ectopic stem cell identity, but not the
a stunted appearance with a disorganized shoot and leaf-liR&pression of KNAT genes
bulges that do not develop into mature leaves (Williams, 1998Yo molecularly delimit the functions &TM and WUS we
However, the effects of ectopi&TM expression in leaf aimed to test whether expression of the above marker genes
primordia are relatively subtle compared to those otould be induced by ectopi®US activity in leaves,
ANT::WUS expression, which entirely abolishes organcomplementary to the analysis f&TM Since constitutive

formation (Schoof et al., 2000). ANT::WUS expression completely suppresses leaf formation
_ _ (Schoof et al., 2000), we used an inducible construct to

STM induces the expression of ~ KNAT genes and produce leaves with ectopi/US activity: we expressed a

CycB1,1, but not stem cell identity posttranslationally inducible form of WUS fused to the C

In order to molecularly characterize the effects of ect§piel  terminus of the rat glucocorticoid receptor (GR) (see Sablowski
activity, we analyzed the expression of several candidat@nd Meyerowitz, 1998) from the constitutiv@auliflower
downstream genes BNT::STMexpressing plants. Mosaic Virus 359romoter. Nuclear translocation of this fusion
The formation of lateral outgrowths bANT::STM protein, and thus its potential to activate transcription, can be
expressing leaves suggested BieMwas able to promote cell induced by addition of a GR-ligand such as dexamethasone.
proliferation when expressed in leaves. To test this, w&hen germinated on dexamethasone-containing medium,
examined the expression of the mitotic cydlipcB1;1using  35S:WUS-GRseedlings are indistinguishable fr@8S::WUS
a promoter-GUS fusiorCycB1;1is expressed shortly before seedlings with suppressed differentiation, whereas in the
and during mitosis and overexpression analysis suggests it malgsence of dexamethasone the transgene has no effect on plant
be a limiting factor for cell division, making it a suitable development as has dexamethasone treatmer358f.GR
marker for mitosis and cell proliferation (Doerner et al., 1996gxpressing seedlings, indicating that the fusion protein behaves
Mironov et al., 1999). as predicted and that the effects observed are due to ectopic
In 10-day old wild-type ©plants carrying a WUSactivity (Fig. 3A; data not shown). We introduced GUS
CycB1;1::CDBGUS reporter gene, GUS staining was reporter genes fo€LV3, KNAT1 KNAT2 and CycB1;1into
restricted to the shoot meristem and young leaf primordia, b®5S::WUS-GRseedlings and analyzed GUS activity in 14-day
was absent from the expanding first pair of leaves (Fig. 2Apld F seedlings that had been treated for 2 days with
In ANT::STM CycB1;1::CDBGUSseedlings the first pair of dexamethasone or with a control solution.
leaves became visible at the same time as in wild type, yet still Dexamethasone induction 085S::WUS-GR seedlings
showed GUS staining at 10 days after germination, in additioresulted in strong ectopic activation of tE&V3::NLSGUS
to staining in the shoot meristem with younger leaf primordiaeporter gene in cotyledons, leaves and hypocotyl, mainly
(Fig. 2B). In olderANT::STMexpressing leaves, ectopic GUS associated with the vasculature (Fig. 3D), whereas uninduced
staining was most pronounced in the lateral outgrowths (Figiblings showed GUS staining exclusively in the apical stem
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Fig. 2. Marker gene expression ANT::STMplants. (A-H) Light
micrographs of GUS-stained, cleared seedlings.

(A) CycB1;1::CDBGUS=xpression in wild type. Staining is
restricted to the SAM region and young leaves (arrowhead), but is
absent from the expanded first pair of rosette leaves (arrow).

(B) CycB1;1::CDBGUSANT::STMexpressing seedling of the same
age as the one in A. Staining is seen throughout the first pair of
rosette leaves (arrow). (CycB1;1::CDBGUSANT::STMseedling
with intermediate phenotype. Ectopic GUS staining is observed in
the lateral outgrowths of the leaves (arrows).AD)::STM
ANT::GUSexpressing seedling. The transgenes are strongly
expressed in the vasculature of the cotyledons (c), leaf primordia
(arrowhead) and in older leaves with stronger staining at the tips
(arrow), as well as in their lateral outgrowths (not visible).

(E) KNAT1::GUSexpression in wild type. Staining is restricted to
the SAM region and hypocotyl, yet is absent from leaves.

(F) KNAT1::GUS ANT::STMexpressing seedling. Ectopic GUS
staining is seen in the vasculature of the cotyledons (c) and in
strongly affected leaves (arrow). (&NAT2::GUSexpression in

wild type. Staining is restricted to the SAM region and is absent from
cotyledons (c) and leaves (arrow). (KINAT2::GUS ANT::STM
expressing seedling. Ectopic GUS staining is observed in the
vasculature of the cotyledons (c) and in leaves (arrow). (1,J) In situ
hybridization with aCLV3antisense riboprobe. In both wild-type (1)
andANT::STMexpressing (J) seedlingSLV3mRNA is exclusively
detected in the stem cells in the three outermost layers of the SAM.
Scale bars are 1 mm in A-H, 10 in [,J.

In summary,WUSis sufficient to induce ectopic stem cell
identity — as judged byLV3 expression — and occasional
ectopic cell divisions, but is not able to ectopically activate
expression oKNAT1or KNAT2.Taken together, these results
suggest that ectopic expression TM or WUS in leaf
primordia activates distinct sets of downstream target genes.

Ectopic STM and WUS functions act independently
of each other

To study how the activities ofWUS and STM are
interconnected, we analyzed whether the activity of one gene
is required for the effects of ectopic expression of the other
gene in leaf primordia.

To analyze whetheBTM might be a downstream target of
WUS we tested whether ectopi@US expression could still
repress organ formation in atm5mutant background. While
ANT::WUSexpression in a wild-type background produced
cells of the SAM (Fig. 3B,C). Thus, WUS appears to bean enlarged SAM in place of leaves immediately after
sufficient to induce aspects of stem cell identity de novo imermination, no effect of the transgene was observesthib
differentiated tissue. Preferential induction close to themutant seedlings up to 7 days after germination. However,
vasculature could either be due to predominant expression tfereafter ANT::WUSexpressing stm5 mutant seedlings
the 35Spromoter there (e.g. Chuck et al., 1996) or to a higheformed a mass of small meristematic cells inside the fused
sensitivity of cells near the vasculature/ttJSactivity. cotyledon petioles that was indistinguishable from that

By contrast, expression of neither thAT1::GUSnor the  observed inANT::WUSexpressing wild-type seedlings (Fig.
KNAT2::GUSreporter genes could be induced ectopically bydA,B,D,E). The relatively late effect irstm5 mutants
35S::WUS-GR(Fig. 3E-H), indicating that WUS-GR is not compared to wild type appears to be due to the fact that the
able to activate expression from tleNAT1 and KNAT2  transgene is not expressedsim5mutants up to 7 days after
promoters. germination, as judged from staining for the activity of a

In  dexamethasone-induced35S::WUS-GR seedlings linked ANT::GUS reporter gene (data not shown), and
carrying the CycB1;1::CDBGUSreporter, we occasionally expression only becomes detectable thereafter (Fig. 4C). By
detected ectopic staining in the first pair of leaves (5 out of 18ontrast, non-transgenistm5 seedlings never produced a
seedlings analyzed) which was never detected in uninduceimilar enlarged SAM, but formed adventitious leaves
seedlings of the same genotype (Fign3ft5). The ectopically between the fused cotyledon petioles (Fig. 4F) (Endrizzi et al.,
stained cells were always associated with the vasculature. 1996).
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Fig. 3. Marker gene expression 85S::WUS-GRexpressing plants.

(A) 35S::WUS-GRexpressing seedlings (lower left) show the same
phenotype with inhibition of cotyledon expansion, root growth and
greening a85S::WUS; 35S::GU®xpressing seedlings (upper left)
when germinated on dexamethasone containing medium, but not on
control medium (lower right). (B) Longitudinal section through a
GUS-stainedCLV3::NLSGUSexpressing plant. Staining is restricted
to the stem cells of the SAM, mirroring tB&V3mRNA expression
pattern (compare with Fig. 2l). (C-J) Light micrographs of GUS-
stained and cleared seedlings. Seedlings in C,E,G,| were treated with
mock solution for 2 days, while seedlings in D,F,H,J were induced
with 5 uM dexamethasone for the same time. (C,D) After
dexamethasone treatment3&S::WUS-GR; CLV3::NLSGUS
seedlings (D), strong ectopic GUS expression is observed in
cotyledons (c), leaves (I) and hypocotyl (h), mainly associated with
vascular strands, while expression is restricted to the stem cells of the
SAM in uninduced seedlings (arrowhead, C). (E,F) No difference in
the GUS staining pattern is observed between dexamethasone
induced (F) and uninduced (B3S::WUS-GR; KNAT1::GUS
expressing seedlings. (G,H) No difference in the GUS staining
pattern is observed between dexamethasone induced (H) and
uninduced (GB5S::WUS-GR; KNAT2::GU8xpressing seedlings,
even though the first morphological effects of ectégldSactivity

on young leaves — reduced expansion of the lamina and upright
position — are already visible (arrowhead). (1,J) Occasional
ectopically staining cells are visible along the vasculature of the first
pair of rosette leaves in dexamethasone-trez6&d:WUS-GR;
CycB1;1::CDBGUSexpressing seedlings (arrowhead in J), which
were never observed in mock-treated seedlings of the same genotype
(arrowhead in I). Scale bars are 5 mm in A, 1@®in B and 50um

in C-J.

ectopicSTMactivity does not appear to induce expression from
the WUSpromoter.

Taken together these results indicate that ectéfitSand
STMactivities function independently of each other.

Coexpression of WUS and STM produces
synergistic effects

Their loss-of-function phenotypes indicate that bBMtdSand
STM activities are essential for SAM function (Barton and
Poethig, 1993; Endrizzi et al., 1996; Laux et al., 1996), yet our
above experiments demonstrate that their functions are
genetically independent. One interpretation of these findings is
that the developmental pathways regulated by them ultimately
These observations indicate that suppression of leafonverge on some downstream process. We thus asked whether
formation by ectopidVUSactivity does not requir€TMand  ectopicWUSand STM functions act synergistically on some
suggest thaBTMis not an essential downstream targatfS  shared process and coexpressed both in developing cotyledons
In the converse experiment, we tested whetiiefSmight  and leaf primordia. Except for a widening of the cotyledon
be a downstream target®TM To do so, we analyzed whether petioles inANT::STMexpressing plants, ectopic expression of
WUSis required for the effects of ectop&TM activity by  either gene alone under the control of ANT promoter leaves
expressindANT::STMin wuslmutantsANT::STMexpressing the cotyledons largely unaffected, although staining for the
wusl mutant plants exhibited a leaf phenotype that wasctivity of a linked ANT::GUS reporter gene showed the
indistinguishable from the effect &iNT::STMexpression in a transgenes to be expressed throughout embryonic cotyledon
wild-type background (Fig. 4G-J), suggesting MA#ISis not  primordia (data not shown). By contrasANT::STM
an essential downstream target of ectopically expreS$éti  ANT::WUScoexpressing seedlings, in which the presence of
This finding was confirmed by analyzing the expression of &oth transgenes was confirmed by PCR (data not shown),
WUS::NLSGUSreporter gene in plants with ectop®TM  showed a novel phenotype which was clearly distinct from the
activity. ANT::STM WUS:NLSGUSplants showed GUS effects of ectopic expression of either gene alone (Fig. 5A-D):
staining in a small central cell group in the shoot meristem, ithey completely lacked cotyledon petioles and had fields of
a pattern that was indistinguishable from that in wild type (Figsmall cells extending from the apex into the lamina of the
4K-M), but they did not show ectopic GUS staining in the cellotyledons. These cells strongly resembled the dense
that expressedANT::STM (compare with Fig. 2D). Thus, meristematic cells in the apex ANT::WUSplants as judged
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Fig. 4.Independent functions &¥US
andSTM Light micrographs of live
seedlings (A,E-H) and GUS-stained,
cleared seedlings (B-D,I-L).

(A,B) ANT::WUS; ANT::GUS
expressing wild-type seedlings 12
days (A) and 10 days (B) after
germination. An enlarged SAM has
developed in place of leaves (A)

which strongly expresses the
transgenes (B). (C-BBNT::WUS;
ANT::GUSexpressingtm5mutant
seedlings 10 days (C) and 18 days
(D,E) after germination. Transgene
expression has only been initiated in a
few cells (arrow) inside the fused
cotyledon petioles in the seedling in C
from which a mass of small
meristematic cells develops
subsequently (D,E arrow). In E, the
fused cotyledon petioles have been cut
open for clarity. (F) Non-transgenic
stm5mutant seedling 18 days after
germination. Several leaves have been
formed and have ruptured the fused
wall of the cotyledon petioles.

(G) ANT::STMexpressing wild-type
seedling. Leaves are reduced to finger-
like, lobed structures (arrow) and the petioles of the cotyledons (c) are broade&dT(IBT Mexpressingvusl
mutant seedling. Leaves (arrow) and cotyledon petioles (c) are affected as inANTLHTM; ANT::GUS
expressing wild-type (l) anduslmutant (J) seedlings. In both cases, strong GUS staining is visible in the
vascular strands of the cotyledon petioles (arrowheads) and in young leaf primordia (arrows) at the shoot meristem.
(K,L) WUS::NLSGUS(K) andANT::STM; WUS::NLSGUSL) expressing seedlings. In both cases, GUS

b staining is restricted to a small central cell group in the shoot apical meristem (arrowheads). The additional smaller
.. region of staining in K is an axillary meristem. (M) Longitudinal section through a GUS-sWid&tNLSGUS

YAl expressing seedling. GUS activity is detected specifically in a small central cell group of the SAM, reflecting the
e WUSMRNA expression pattern (Mayer et al., 1998). Scale bars are 1 mm in A{uyiLiBOM.

from their appearance under the scanning electron microscopescue the mutant phenotype when combined witWaS
and in histological sections (Fig. 5E,F) and showed ectopitarget line (Grof3-Hardt et al., 2002) and was confirmed by
CLV3expression (Fig. 5G,H). staining for the activity of a linke@LV1::GUSreporter (Fig.
Thus, simultaneous ectopic expressionVd)Sand STM  6A,B). The phenotype ofCLV1::STM wusl plants was
produced a non-additive phenotype in that meristematic celiadistinguishable from that of non-transgemicis1 mutants:
were induced in cotyledons which was not the case ishoot development in seedlings of both genotypes arrested
plants expressing either gene alone. This suggests that after the formation of two to three leaves (Fig. 6E,F). 10 days
differentiated tissue both genes synergistically confer meristeifter germination, we observed strong transgene expression in

cell identity. what are most likely adventitious meristems (Fig. 6D; see Laux
o ) o et al., 1996). Despite this, no self-maintaining meristems could

Increased WUS activity can induce self-malntalnlng be formed in awusl mutant background, an@LV1:STM

meristems in - stm mutants, but not vice versa expressingvuslmutant plants showed the same ‘stop and go’

We next asked whether similar to the results of the abowmode of development as non-transgamics1 mutants (Laux
ectopic coexpression experiment, the pathways activated tgf al., 1996; data not shown). The leaves, however, showed the
WUS and STM also converge in the regulation of SAM same wrinkled phenotype that was also observed in
function. We therefore tested whether an increase of one gen€&V1::STMexpressing wild-type plants and which appears to
activity in the SAM could compensate for the effects of ae due to weak expression of the transgene in leaves as judged
mutation in the other gene. For this purpose we expr&¥tksl by prolonged staining for the activity of the linkédVv1::GUS

or STM under the control of theCLV1 promoter in the reporter gene (data not shown), confirming that in principle
respective other mutant. STMwas active invusmutants.

First, we expresse@LV1::STMin wuslmutants. Since the Thus, increasingTM expression in the shoot apex is not
expression patterns of transgenic and endoge®iosoughly  able to compensate for the shoot meristem defectsusf
overlap, this would be expected to increaseSthislexpression  mutants.
level throughout the apex. Expression of @iev1 activator Secondly, in the converse experiment, we analyzed the
line in wuslmutant embryos was evident from its ability to effects of CLV1:WUS expression in stm5 mutants.
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CLV1::WUSexpressing wild-type seedlings produce an
enlarged meristem immediately after germination due to the
enlarged WUS expression domain throughout the SAM
(Fig. 6G-J) (Schoof et al., 2000). By contrast, 7 days after
germinationstm5 mutant seedlings carrying thelLV1::WUS
transgene lacked a recognizable shoot meristem and were
indistinguishable from non-transgerstmSmutant seedlings.
That theCLV1 activator was expressed #tm5mutants was
demonstrated by its ability to rescue the mutant defect when
combined with anSTM target line (see above, Fig. 1A-D);
however, even in combination with our strongé8tStarget

line, the resulting embryonic expression was only very weak
as judged from staining for the activity of a linkedv1::GUS
reporter gene (data not shown). While such weak expression
appears to be sufficient to rescue thasl mutant defect
(GroR-Hardt et al., 2002), it is apparently unable to overcome
the lack of STMactivity during embryogenesis. After day 7,
CLV1:WUS; CLV1::.GUSxpressingstm5 mutant seedlings
showed small clusters of GUS staining cells inside the fused
cotyledon petioles and by day 12 after germination, 26 out of
40 seedlings had developed a conspicuous adventitious
structure resembling a meristem surrounded by small leaf
primordia (Fig. 6J,K,M,N). No similar structures were
observed in any of 25 non-transgestim5mutant seedlings 12
days after germination (Fig. 6L).

To analyze whether the induced structures were meristems,
we examined them for expression of the meristem marker
genesCLV3 KNAT1 and KNAT2 using in situ hybridization
(see above). BotELV1::WUSexpressing wild-type anstm5
mutant seedlings 10 or 14 days after germination showed
strongCLV3expression in the outermost cell layers across their
enlarged meristems and the induced structures, respectively
(Fig. 7A,B). By contrast, we could not det&itV3expression
in any of 25 non-transgenstm5mutant seedlings 10 days after
germination (data not shown). While we could not detect
KNAT1 expression in the induced structures of 10-day old

Fig. 5. Synergistic effects of coexpressionwfJSandSTM CL\{l::WUSexpressmgsth mutant seedlings (Fig. 7E'F;.
(A-D) Scanning electron micrographs of seedlings 14 days after n:6,_ see Materials and Methods), by 14 days after germination
germination. (AANT::WUSexpressing seedling. An enlarged SAM the induced structures BLV1:WUSexpressingtmSmutant
has formed in place of leaves. The cotyledon petioles (cp) are seedlings showed cleMiNAT1expression in small patches on
unaffected and separated from the meristematic cells by a sharp  the flanks and at their base close to the vasculature (Fig. 7G),
boundary (arrow). h, hypocotyl. (BNT::STMexpressing seedling.  similar to the pattern observed in meristem<aV1::WUS
Cotyledon petioles (cp) are broadened, but do not show meristem- expressing and non-transgenic wild-type seedlings (Fig. 7C,D)
like cells. (C,D)ANT::WUS ANT::STMcoexpressing seedlings. No  (Chuck et al., 1996). Hybridization with KNAT?2 antisense
cotyledon petioles have been formed and fields of small, riboprobe produced a similar result: While HONAT2
?Iwze'r:i)stl_e'mtatlic <_:e|||s (ar{_ows) ?xt:ancti_into tge d'gng“a c;f c_o}ylfqonz (C.)t'expression could be detected in the induced structures of 10-
,F) Histological sections of plastic embedded material stained wi .. ; : .
Toluidine Blue. (E) Longitudinal section through the apex of an ig;a'yn:::j.F:SL(;/elM\/a\/tLeJﬁ,:l);paigzs&lgtsgg]dssTL(j:tc;ar?stisst((aeﬁ?l\;\l;]g;k(Slftle({:]i.ning

ANT::WUSexpressing seedling 8 days after germination. Note the ;
massively oveprpm"fe?ated Shgot me)r/istem w?th small, was found at the flanks and base of the induced structures by

cytoplasmically dense cells (arrow). (F) Longitudinal section throughl4 days after germination (Fig. 7LV1:WUSexpressing

the apex of adNT::WUS; ANT::STMexpressing seedling 8 days wild-type seedlings showed virtually the same expression

after germination. The regions of small meristematic cells are pattern forKNATZ2as found folKNATY, i.e. at the periphery of

expanded into the cotyledons (arrows). The spots of darker stained the enlarged SAM and at the base of young leaf primordia (Fig.

cells are an artefact of processing. (G,H) In situ hybridization using FH).

CLV3antisense riboprobe. (G) ANT::WUSexpressing seedlings, Thus, the structures induced BY.V1:WUSexpression in

;']-c\)/oi’;”%zwgé; d(ebtlz(c:;tlfgrlrnow)e t?ajttiz)”t"'?nstcgﬁg ';yti’s gc];tt;:g deo”r:arged stm5mutant seedlings showed expression of the three marker
’ genes tested, suggesting that they represent meristems.

petioles (white arrow). (H) By contra®NT::WUS; ANT::STM H th St hed . ble t
coexpressing seedlings sh@kV3expression both in the enlarged owever, these meriSiems never reachec a sizé comparable 10

shoot meristem (black arrow) and in the meristematic regions on théhose formed byCLV1:WUSexpressing wild-type plants, as

cotyledons (white arrow). Scale bars are ff0in A-C, 200pm in judged from staining for the activity of the link€dvV1:GUS
D and 10Qum in E-H. reporter gene (Fig. 60,P). Since the size of the cells in
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Fig. 6. The loss-of-function phenotypes ol
wusandstmmutants cannot be rescued by
transgenic expression of the respective o
gene. Light micrographs of GUS stained
cleared embryos or seedlings (A-D,G,J-
L,O,P) and of live seedlings (E,F,H,M,N).
(A,B) TheCLV1::STMtransgene is strongl
expressed in the SAM primordia (arrows)
wild-type (A) andwuslmutant (B) embryo:
as indicated by staining for the activity of
linked CLV1::GUSreporter. Note the flat
apex of thevus1lmutant embryo comparec
to the convex meristem in the wild type,
suggesting that the former has terminates
(C) CLV1::STM CLV1::GUSexpression is
detected in the SAM of 7-day old wild-typ
seedlings by GUS staining. (@LV1::STM
CLV1::GUSexpressingvuslmutant
seedlings 10 days after germination show
strong GUS staining at the shoot apex.
(E,F) The meristems i@LV1::STM
CLV1::GUSexpressingvuslmutant
seedlings (F) terminate indistinguishably
from the meristems in non-transgenias1
mutants (E) (arrows). (G,H) IBLV1::WUS;
CLV1::GUSexpressing wild-type seedling
7 days after germination strong GUS
staining is detected at the apex (G) whict
causes the development of an enlarged
meristem (H, arrow). (1) In situ
hybridization using &/USantisense
riboprobe orCLV1::WUSexpressing
seedlings confirms transgene expression
specifically in the centre of the enlarged
shoot meristem, yet not on the flanks (arr_ .,
where organs are initiated. (J,K)@LV1::WUS; CLV1::GUSxpressingtmb5mutant seedlings the first GUS-staining cells are detected 7 days
after germination inside the fused cotyledon petioles (arrow in J) which give rise to adventitious meristems (K, compaky.with M

(L-N) While non-transgenistm5mutants 12 days after germination show no sign of a SAM inside the fused cotyledon petioles (L),
CLV1::WUSexpressingtm5mutant seedlings (M,N) of the same age contain a conspicuous meristematic structure (arrows) that is surrounded
by small leaf primordia (arrowhead in N). (O)@hV1::WUS; CLV1::GUSxpressing wild-type plants 25 days after germination, the

meristem is massively enlarged (arrow). (R)1::WUS; CLV1::GUSxpressingtm5mutant plants of the same age show only small

meristematic regions that express the GUS reporter gene (arrow). In addition, leaves are small and sometimes fused rsgientshyd

mutant plants. Scale bars are[s8 in A,B, 1 mm in C-H,J-P, and 1Q0n in I.

CLV1:WUSexpressing wild-type anstmbmutant meristems same processes, formation and maintenance of a functional
appeared to be roughly equal (compare Fig. 7A and 7B), tt&hoot meristem (Barton and Poethig, 1993; Endrizzi et al.,
reduced growth of the meristemamm5seedlings likely results  1996; Laux et al., 1996), yet it is unknown whether and how
from fewer cell divisions, rather than from reduced celltheir functions are integrated in SAM regulation. To address
expansion. This suggests a critical requirementSoM in  this issue, we have analyzed their genetic interactions using a
allowing amplification of meristem cells which cannot becombination of gain- and loss-of-function experiments.
compensated for by increaséfJSactivity. o _
In summaryCLV1::STMexpression iwusmutants cannot STM and WUS function in different pathways in
compensate for the loss\6fUSfunction. However, conversely shoot meristem regulation
expressingCLV1::WUSIin stmmutants induces the formation Our results suggest th&flUSand STMfulfil independent, yet
of adventitious shoot meristems at a high frequency, althougtomplementary functions in SAM regulation, for the following
it cannot fully rescue thetm mutant defect. Thus, it appears reasons.
that increasingyUSactivity can at least partly compensate for (1) When expressed ectopically in leaf primordia, the
the loss of STM function, suggesting a convergence of theeffects ofWUSandSTMare clearly distinctWUSis sufficient
pathways activated byyUSandSTMin SAM regulation. to completely abolish organ formation, but has little, if any,
stimulating effect on cell division, as evidenced both by its
inability to efficiently induce expression of the mitotic marker
DISCUSSION geneCyclinB1;1and by the low proportion of cells in S-phase
in the enlarged central zone @&LV1::WUSexpressing
The WUSandSTMhomeobox genes are both essential for theneristems (M. L. and T. L., unpublished). By contrast, ectopic
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A ' B ‘- Ve Far | Fig. 7.Marker gene expression €LV1::WUSexpressing wild-type
: s Sl andstm5mutant plants. Longitudinal sections hybridized in situ with

§ CLV3(A,B), KNAT1(C,D,F,G),KNAT2(H-J) antisense arkiNAT1
sense (E) riboprobe€LV3andKNAT2sense riboprobes did not
produce any staining (not shown). (A)@bLV1::WUSexpressing
wild-type plants 14 days after germination, cells in the three
outermost layers of the meristem show strGhy3expression.
(B) CLV1::WUSexpressingtmb5mutant plants 14 days after
germination exhibiCLV3expression in a band at the top of the
induced structure inside the fused cotyledon petioles. The same
result was obtained when analyzing 10 day old seedlings (not
shown). (C) In non-transgenic wild-type seedlingNAT1
expression is detected at the base and periphery of the SAM and
close to the base of young leaf primordia (black arrow), but is absent
from the central zone of the SAM (white arrow). In addition,
expression is detected in cells close to the vasculature (arrowhead).
(D) In CLV1::WUSexpressing wild-type plants 10 days after
germination KNAT1expression is detected at the periphery of the
enlarged meristem (black arrows) and adjacent to the vasculature
(arrowhead). Although weak, this staining was consistent throughout
serial sections. The central region of the meristem (white arrow)
shows only weak background staining that is also found in leaves
(asterisk) and in sections hybridized witKIdAT1sense probe
(compare with E). (E) Hybridization withkdNAT 1sense riboprobe
produces only weak non-specific staining. (F,G) Whil&KNAT1
mRNA can be detected in the induced structures of 10 day old
CLV1::WUSexpressingtmbmutant seedlings (F), plants of the
same genotype at 14 days after germination (G) exhibit KHAT 1
expression at the base (arrow) and in patches on the flanks of the
induced structures (arrowhead). However, no expression is seen close
to the vasculature in either seedling. (NAT2mRNA can be
detected in the periphery of the enlarged meriste@Ld1::WUS
expressing wild-type plants 14 days after germination (black arrows),
while only weak and even staining is visible in the centre of the
meristem (white arrow) and in leaves (asterisk) which most likely
represents non-specific background staining. (1,J) In 10-day old
CLV1::WUSexpressingtm5mutant seedlings (1), ndNAT2
expression can be detected, which is however seen in seedlings of the
same genotype 14 days after germination (J) on the flanks (arrow)
and at the base (arrowhead) of the induced structure. The asterisk in |
indicates a fragment of the vasculature which appears darker because
of its secondary cell wall. Scale bars in A-J are 100

which has, however, no effect 0BLV3 expression. The
conclusion that, unlik®VUS STMthus does not appear to be
directly involved in stem cell specification is further supported
by our preliminary result thafLV3 expression is initiated in
STM activity still allows organs to develop, but cell the apex ostm5Smutant embryos, and is lost only in late stages
differentiation is suppressed and the cells continue tof embryogenesis when the apex differentiates (M. L. and T.
proliferate. This effect is strikingly similar to the phenotypeL., unpublished).
of dominant mutations irknotted1 the maize ortholog of (3) The gain-of-function phenotypes of ectopidJS and
STM whose misexpression in leaves leads to locaBTMexpression in leaf primordia do not require the activity of
overproliferation (Smith et al., 1992). At least on the basis othe respective other gene, indicating that they function in
expression levels of the linked GUS reporter genes (Fig. 4B,I)ndependent genetic pathways.
these distinct effects do not appear to be due to strongly (4) The shoot meristem defects of butuSandSTMIloss-
differing levels of transgene expression, suggesting that theyf-function mutants cannot be rescued by transgenic
reflect intrinsic functional differences between the twoexpression of the other gene: transgenic expressi& difin
transcription factors. the apex is not able to compensate for the lack of self-
(2) Ectopic expression aVUSand STMin leaf primordia  maintaining stem cells invus mutants. Conversely, even
induces the expression of distinct downstream target gengboughWUSexpression can induce the formation of meristems
WUSis able to induce expression of the presumed stem ceh stmmutants, these appear to grow significantly slower than
marker CLV3 even in differentiated organs, but does notthe corresponding meristems in a wild-type background,
activateKNAT1or KNAT2expression. By contrast, expression suggesting that loss o8TM function results in reduced
of the latter genes can be induced by ect®i®/ activity,  proliferation of meristem cells and/or their premature
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differentiation. ThusWUSand STM appear to fulfil distinct frequent meristem initiation? One conceivable interpretation
functions in shoot meristem regulation. is that meristems can be formed as long as there are enough
(5) Based on the synergistic effect of ectopicallyundifferentiated cells, no matter whether these are produced
coexpressing both genes in leaf primordia and on the ability ddy increasing the size of tMWUSexpression domain — as in
WUSto partly compensate for loss &TM activity in the  CLV1:WUSexpressing plants or irclv loss-of-function

apex, the developmental pathways regulatedWlyS and mutants — or by a smalWUSexpressing region in
STM appear to converge, in that both genes suppress celbmbination withSTMactivity in a larger zone as in the wild-
differentiation. type apex. In contrast WUS STMon its own does not appear

) . ) to be able to induce self-maintaining meristems in the absence
Integration of WUS and STM in shoot meristem of WUS function. This could either be due to a reduced
maintenance potency of STMin suppressing differentiation compared to

Our data suggest the following model for how the independe/USor to its inability to induce stem cells, which are lacking
pathways regulated B/USandSTMare integrated to produce in wus mutants, or to a combination of both. Differences
a self-maintaining meristem. In the central region of theébetween the two genes in their potency to suppress cell
meristem WUSdependent signalling from the organizing differentiation are suggested by the different severity of the
centre specifies an apical stem cell niche whose residents &ftects caused by ectopic expressionNdSor STMin leaf
as long-term stem cellSTMis not directly involved in stem primordia.
cell specification, but is required throughout the meristem Evidence supporting the above hypothesis that formation of
dome to antagonize cell differentiation and allow meristena stable SAM requires a critical number of undifferentiated
cells to proliferate. Thus, peripheral stem cell daughters areells has also been obtained by studying $fié/ ortholog
prevented from being prematurely incorporated into orgaikNOTTED1in maize (Vollbrecht et al., 2000). The penetrance
anlagen and can amplify cell numbe®3.Mappears to act by of the meristem defect knottedlmutant embryos is inversely
repressingASlexpression and thus allowing expression of thecorrelated with the size of the meristem primordium in wild-
homeobox gene&NAT1 and KNAT2 (Byrne et al., 2000). type embryos of the respective genetic background, such that
Local downregulation ofSTM expression in the periphery knottedlmutants form meristems much more frequently in
finally allows lateral organs to be formed. inbred lines with a large meristem primordium than in ones
The observations described here and in previous studiegth a small meristem primordium.
(Mayer et al., 1998; Fletcher et al., 1999) suggest a refinementSecondly, meristem initiation appears to depend on a
of the classical histological zonation concept of the SAMcompetence of cells to switch to meristem identity, which they
(Steeves and Sussex, 1989). The centre of the shoot meristaappear to gradually lose as they differentiate. While relatively
roughly equivalent to the central zone, is composed of an apicahdifferentiated cells in leaf anlagen can easily be respecified
stem cell niche, whose residents express @Gh&'3 gene, towards stem cell identity bWwUS alone, the differentiated
and the underlyingVUSexpressing organizing centre. The cells in cotyledons are no longer responsivaMdS alone.
peripheral zone comprises a transition zone, wherelowever, this block to switch to meristem identity can be
differentiation is repressed bTM allowing the cells to overcome by the combined effects ®/US and STM
amplify, and regions wher€TM expression is discontinued suggesting that a strongly reduced cellular competence can be
and organ primordia are initiated. compensated for by increased meristem promoting activity.
Similar to other stem cell systems (Potten and LoefflerThis synergistic effect of coexpressiiguSand STM could
1990), the amplification of cell numbers by the peripheral sterhave important biotechnological implications for adventitious
cell daughters may allow the long-term stem cells to divideneristem formation from differentiated cells, which could
only relatively rarely — for example only once per 14 initiatedpossibly be strongly enhanced by coexpressiokVbofS and
leaves in privet (Stewart and Dermen, 1970), while stillSTMorthologues.
ensuring a continuous supply of sufficient cells for organ In summary, the results presented here indicate iHa$
initiation. This division of labour could in turn minimize the and STM serve distinct functions in the SAM, regulation of
danger for stem cells of incurring mutations associated witstem cell identity and protection of meristem cells from
DNA replication and chromosome segregation. As a largpremature differentiation, respectively, and support a division
portion of the plant body is ultimately derived from a singleof labour between a slowly dividing set of long-term stem cells
stem cell (Stewart and Dermen, 1970), mutations in therand a more rapidly proliferating population of stem cell
would likely be more deleterious than mutations in theirdaughters that only transiently function as initials, both of
daughter cells which only give rise to a more limited part ofwhich are required for continuous organ formation from a self-

the plant. maintaining meristem.
A critical number of cells and cellular competence We would like to thank R. Wiliams for providing the
appear to be required for shoot meristem initiation pCGN154735S::STMconstruct, S. Hake, J. Traas and J. Celenza for

Our results imply two important requirements for meristerrﬁro"iding KNAT1:GUS KNAT2:GUS and CycB1;1:CDBGUS

; ; .. nes, respectively, V. Pautot and J. Traas forKNAT2plasmid and
fo(rjmatlond Flr‘c{?t’. we foun_d tthat @Lt\/l..\r/]\_/UhStfransgene t(.;an I. Moore for the components of ti®©pL expression system. We are
Induce adventitious meristems at a high irequencystm grateful to Andrea Bohnert for technical assistance and to Arp
mutant seedlings, which is observed to a similar extesiin  gchnittger and members of the Laux laboratory for helpful

clv double mutants (Clark et al., 1996). In both cases, thgggestions on the manuscript. This work was supported by grants

effect is likely due tolWUSbeing expressed in an enlarged from the Deutsche Forschungsgemeinschaft to T. L. and a PhD
domain (Schoof et al., 2000). How might this lead to mordellowship of the Boehringer Ingelheim Fonds to M. L.
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