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SUMMARY

Almost all aerial parts of plants are continuously generated functions interacted non-additively and activated a subset
at the shoot apical meristem (SAM). To maintain a of meristem functions, including cell division,CLAVATAL
steady pool of undifferentiated cells in the SAM while expression and organogenesis, but not correct phyllotaxy
continuously generating new organs, it is necessary to or meristem self-maintenance. Our results suggest that
balance the rate of cell division with the rate of entrance WUS produces a non-cell autonomous signal that activates
into differentiation pathways. In the Arabidopsismeristem,  cell division in combination with STM and that combined
SHOOT MERISTEMLESS (STM)and WUSCHEL (WUS)  WUS/STMfunctions can initiate the progression from stem
are necessary to keep cells undifferentiated and dividing. cells to organ initiation.

Here, we tested whether ectopi&STM and WUS functions

are sufficient to revert differentiation and activate cell  Key words:Arabidopsis thalianaMeristem establishmentyUS
division in differentiating tissues. EctopicSTM and WUS  STM

INTRODUCTION al., 1998b). Mutations iMGOUN genes delay the transition
to organogenesis and increase the size of the PZ (Laufs et al.,

The aerial part of plants has a modular structure. The basi®©98a).
module, called a phytomer (Gray, 1885; Weatherwax, 1923), The balance between the rate of cell division and
consists of a region of stem, a leaf, and at the base of the ledifferentiation is crucial for the ordered transition of cells
an axillary meristem (a small group of undifferentiated celldetween meristem zones.Anabidopsis two genes have been
that can initiate new branches or flowers). These modulémplicated in the maintenance of undifferentiated cells in the
originate periodically at the growing tip, from a group of meristem:SHOOT MERISTEMLESS (SThd WUSCHEL
undifferentiated and actively dividing cells called the shoo{WUS) both of which encode homeodomain proteins (Long et
apical meristem (SAM). al., 1996; Mayer et al., 19985TM is thought to prevent

To generate new phytomers continuously, two mairpremature recruitment of cells into differentiation pathways. In
functions have to be balanced in the SAM (Brand et al., 200ktrong stm mutants, the meristem is absent at the end of
Clark, 2001; Fletcher and Meyerowitz, 2000; Lenhard an@&mbryogenesis (Barton and Poethig, 1993); watakmnutants
Laux, 1999). One is the initiation of organ primordia on thefail to maintain the meristem after germination (Clark et al.,
flanks of the meristem, with predictable size, position and996; Endrizzi et al., 1996). THR®TMmMRNA accumulates in
timing (thus determining the arrangement of leaves around th®th the CZ and PZ of the meristem but is repressed in organ
stem, or phyllotaxy). The other is to maintain the pool ofprimordia, in accordance with a role in maintaining cells in an
undifferentiated cells, with new cell divisions in the meristemundifferentiated state (Long et al., 1998JUSis required to
replacing the cells allocated to organ primordia. These twkeep the pool of stem cells in the CZ of the meristem (Laux et
functions roughly correspond to histologically distinguishableal., 1996; Mayer et al., 1998). Wusmutants, the meristem is
regions of the meristem. New organs are initiated in th@ot established during embryogenesis; after germination,
peripheral zone (PZ). The cell population in the PZ isaxillary meristems are initiated and aborted repeatedly. This
maintained by continuous recruitment of stem cells from theepeated termination of the meristem has been attributed to a
central zone (CZ). The shift of cells from the CZ to the PZ andhilure to specify the central stem cells that are required to re-
the transition from the PZ to organ primordia are geneticallpopulate the peripheral meristeWllUSis expressed in a small
separable. Mutations I€@LAVATA(CLV) genes increase the group of cells below the CZ, indicating thatUSmust signal
size of the CZ and have been proposed to delay the transitiacross cell layers to specify the stem cells.
from CZ to PZ (Clark et al., 1993; Clark et al., 1995; Laufs et WUS and STM are activated independently during
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embryogenesis (Mayer et al., 1998) and although both gen&anHI-Xba insert STM or BanHI-Spé (WUS, and their
are ultimately required to prevent differentiation and maintairsequences were confirmed using the ABI Big Dye kit and an ABI
cell division, it is unclear how their functions interact. It is also3700 sequencer. _ 3
unknown whether ectopic expression of WUS or STM car% To Cr:eatﬁ thedSTM(;GR fu_s;]on, _trieTg/l A;I\DgéTvc\ﬁsA Cr;i?é:n%ged
revert cell differentiation and re-initiate cell division. We oM the cloned product with primer -
investigated these questions by activati@§M and WUs  CATGGTGGAGGAGATGTGATS and SATCTGGATCCATGG-

functi in diff fiating i ft b : ThAGAGTGGTTCCAACAGC3. This replaced theésTM stop codon
unctions 1n difierentialing issues, alter emoryogenesis. 1hgg, Bglll site, which was ligated to tHganH| site at the start of the
combined effect of ectop@/USandSTMfunctions was more  sequence encoding the steroid-binding domain of the rat
than additive: a subset of meristem functions were activategjucocorticoid receptor from pBAGR (Lloyd et al., 1994). The STM-
including cell division, expression of a CZ marker andGRr fusion was re-sequenced and insertedBandd|-Xba fragment
initiation of organ primordia, but not meristem self- into pPCGN18 (Krizek and Meyerowitz, 1996), to create p35S::STM-
maintenance and correct phyllotaxy. Our results suggest th&R.
WUS signals across cells to enable STM-expressing cells to To create the mosaic expression vector,Uidéd coding sequence
pCGN18 were cloned in pBluescript KS(-)EB=RI-uidA-Sal-NOS-

Pst. Oligonucleotides containinigxP sequences (Hoess et al., 1982)
were cloned on both ends ofdA-NOS, with aBglll site added
upstream ofox-uidA-NOSox. Relative to thelidA coding sequence,
) o both loxP sequences were in the orientatioflGACCTAAT-
Arabidopsis lines AACTTCGTATAGCATACATTATACGAAGTTATATTAAGGGTTGS".
Immature flowers were emasculated and manually cross-pollinated &fter sequences were confirmed, tbe-uidA-NOS-ox cassette was
combine transgenes and mutationss-1(Laux et al., 1996)stm-1  cloned betweerBanH| and Xba sites in pCGN18 to generate
(Barton and Poethig, 1993) astin-11(Long and Barton, 1998) were pGUSMOS (in the orientation 35S promotex:uidA-NOSox).
all in Landsbergerecta background and were maintained as pGUSMOS was cut wittBanH| and Xbal to receive mGFP5-ER
heterozygotes, identified by PCR-primer-introduced restrictionHaseloff, 1999) as BanHI-Xbd fragment, or theNVUScDNA as
analysis (Jacobson and Moscovits, 1991) using leaf or root piec&anHI-Spe. To allow transformation into kanamycin-resistant plants,
(Klimyuk et al., 1993). Amplification was in all cases initiated by the 35Siox-uidANOS{ox-WUS-NOS cassette was removed from
adding Taq polymerase at 94°C, followed by 35 cycles of 94°C forthe pCGN18 derivative as akspr18-Hindlll fragment and cloned
30 seconds, 54°C for 60 seconds and 94°C for 90 seconds. Fato pPZP222, which confers gentamycin resistance to plants
detection ofstm-1 the primer sequences weréGHCGATATG- (Hajdukiewicz et al., 1994).
AACAATGAATTTGTAGATGCA3' and 5GTATAAGGGAAGAGA- The CLV1::GFP construct was derived from pKR126 (containing
GTTACCGAAG3; the 221 bp product was cut to 193 bp vl if the CLV1gene in pCGN1547). The mGFP5-ER from pBINmMGFP5-
amplified fromstm-1, but not from the wild type. Fostm-11 the ER (http://www.plantsci.cam.ac.uk/ HaseloffHome.html) was used
primers were AGCTTACTGTGAAATGCTCGTTAAGTACTAG3 as aBanHI| fragment to replace th€LV1 coding sequence in
and BTTCCTCATCTTACGTTTAATTTGACGCCATS3; the 235 bp  pKR126, retaining 5642 bp upstream and 729 bp downstream of the
product was cut to 204 bp withpé only if amplified fromstm-11 CLV1ORF.
Both stmPCR products spanned an intron-exon boundary to prevent )
interference by the wild-typ8 TMcDNA contained ir85S::STM-GR ~ Plant transformation and growth

The cycB1:uidA (line FA4C), KNAT2:GUS LOB and  ArabidopsisLer was transformed by the floral dip method (Clough
hsp18.2::Crelines have been described previously (Colon-Carmonand Bent, 1998).Agrobacterium strains were ASE for pCGN
etal., 1999; Laufs et al., 1998a; Pautot et al., 2001; Shuai et al., 2008grivatives and GV3101 for pPZP222. Transformants were selected
The J2341 gene trap line was generated by Jim Haseloin GM medium (Valvekens et al., 1988) with B§/ml kanamycin
(http://www.plantsci.cam.ac.uk/HaselofffHome.html) and  was(for pCGN derivatives) or 10Qug/ml gentamycin (for pPZP200
obtained from the NASC Arabidopsis Stock Centrederivatives). Transformants were moved to soil after 1-2 weeks.
(http://nasc.nott.ac.uk/). TheycD3::uidAreporter was derived from 35S::STM-GR lines were selected that segregated kanamycin
the cyclin D3b gene fromntirrhinum majus(Gaudin et al., 2000) resistance as a single loc85S::lox-uidA-loxGFPand 35S::lox-
and transformed inté\rabidopsis thaliana_andsbergerecta(Ler). uidA-loxWUsSlines were selected with strong and widespread GUS
The cycD3::uidA reporter mimicked the expression pattern of activity and single T-DNA insertions detected by Southern blotting.
Arabidopsiscyclin D3:2 (Swaminathan et al., 2000) shown by in situ  For growth on plates, seeds were surface-sterilised for 5 minutes in
hybridisation (C. W., R. S. and J. D., unpublish&§S::STM-GR  50% v/v commercial bleach with 0.1% Tween 20, and plated on GM
35S::lox-uidA-NOS-lox-GFP and 35S::lox-uidA-NOS-lox-Wli8s medium. Both for plate and soil growth, seeds were stratified at 4°C

MATERIALS AND METHODS

were generated as described below. for 4 days and grown at 18-20°C, with 16 hours light (fluorescent
) ) lights at approximately 10@mol photons m? s1) and 8 hours dark
Plasmid construction cycles.

Standard molecular biology techniques were used (Sambrook et al., )

1989). For cDNA synthesis, RNA was extracted from inflorescenceéctivation of STM-GR and Cre recombinase

of Arabidopsis Ler, using TRIZOL (Sigma), following the For activation of STM-GR, seeds were plated on GM medium
manufacturer’s instructions. DNase |-treated total RNA was reversesupplemented with 5Qg/ml kanamycin and UM dexamethasone
transcribed using MMLYV reverse transcriptase (Stratagene)SThe  (Sigma). For activation dfisp18.2::Cre surface-sterilised, stratified
and WUS coding sequences were amplified from inflorescencenvet seeds were spread on the inside of Eppendorf tubes and
cDNA using Pwo polymerase (Stratagene). The primers forgerminated for 2 days at 20°C under continuous light (the tubes were
STM were BATCTGGATCCATGGAGAGTGGTTCCAACAGC3 left open inside a sealed Petri dish lined with wet filter paper). The
and BAAAGTCTAGATCAAAGCATGGTGGAGGAGATGS3; WUS  closed tubes were incubated in a water bath & 38r 5 minutes.
primers were PGTCGGATCCAACACACATGGAGCCGCCAC3  The heat shocked, germinating seeds were suspended in water and
and BGCGACACTAGTGTAAGAGCTAGTTCAGACG3 Both spread on GM medium (with IM dexamethasone if the treatment
PCR products were cloned in pBluescript KS(-) (Stratagene), asaso involved STM-GR activation).
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Microscopy

For conventional scanning electron microscopy (SEM), seedling
were vacuume-infiltrated and left overnight at 4°C in a solution of 2.5%
glutaraldehyde/PBS. The tissue was then rinseda215 minute
intervals with PBS followed by a further two washes with water. All
rinses were at 4°C. The tissues were dehydrated through an etha
series — 30%, 50%, 70%, 90%, 100%, 100% for 30 minutes at eau
stage. The samples were critical point-dried in liquid carbon dioxids
and were sputter coated with gold. The specimens were mounted
aluminium specimen stubs using carbon tabs (Agar Scientific) an¥
viewed on a Philips XL30 FEG scanning electron microscope. e |
For cryo-scanning electron microscopy, seedlings were frozen i
nitrogen slush at —190°C. Ice was sublimated at —90°C, and tt
specimens were sputter coated and examined on a Philips XL 30 FE
scanning elelctron microscope fitted with a cold stage. wer
For confocal imaging, a Leica TCS SP microscope was used, wil¥
excitation by an argon laser (488 nm) and emission filters set at 50
550 nm (for GFP) and 600-660 nm (for chlorophyll fluorescence). Th
image settings gave no signal in the GFP channel for GFP-negati
controls. The images shown are projections of up to twelyn8 =4
optical sections, combining the GFP and chlorophyll channels.

Histological techniques

GUS staining was as described previously (Sieburth and Meyerowit
1997).
In situ hybridisation was carried out as described by Long et a
(Long et al., 1996) (detailed on http://www.wisc.edu/geneticsi
CATG/barton/protocols.html).
The template used to transcribe the WUS probe was derived fro
the WUS cDNA cloned in pBluescript KS(-) (described above), by
deletion of aHindll fragment, leaving nucleotides 545-1004 in the
EMBL entry AJ012310. Fig. 1. Activated STM-GR rescued the meristenstm1mutants and
inhibited leaf development. (A5S::STM-GRseedlings grown on
medium without dexamethasone. One of the seedlings is
homozygous fostmZ1(arrow). Bar: 5 mm. (B35S::STM-GR

RESULTS seedlings (including one-quartersimlhomozygotes), grown on

. . medium with JuM dexamethasone. Bar: 5 mm. (C) Scanning
Steroid-dependent STM-GR rescued meristem electron micrograph of the apex 083S::STM-GRseedling two
developmentin stm mutants weeks after germination on medium withu¥l dexamethasone. The

To test the effect of STM activation after embryogenesis antheristem (m) is surrounded by leaf primordia (p) in the normal spiral
in differentiated tissues, we generated plants with induciblghyllotaxis. The arrows indicate stipules, whose identity was
STM function, expressing a fusion between STM and thegt e 0 R o g of a eaf rom . 2.
steroid-binding domain of the rat glucocorticoid receptor (GR) coks 6|0855__S+M GRseedlin . . )
: L .. - g grown on medium withpiv

as done pre‘V|oust for _other plant tran_scnptlon.faqtors (Lloy examethasone. Arrows indicate ectopic stipules between leaf lobes.
et al., 1994; Sablowski and Meyerowitz, 1998_' S'mon_et al'Bar: 100um. (E) Tip of a leaf from 85S::STM-GRseedling grown
1996; Wagner et _al._, 1999). The STM-GR fuslon_ protein Wagyr 2 weeks on medium withjdM dexamethasone. The arrow
expected to remain in the cytoplasm until application of steroi¢hdicates a pair of guard cells. Bar: 309. (F,G)35S::STM-GR
(dexamethasone) triggered transport to the nucleus, allowingants grown for 2 weeks on soil, sprayed once a day for 4 days with
access to genes controlled $yM 0.015% v/v Silwet L-77 (F) or 0.015% v/v Silwet L-77 with

In the absence of dexamethasone, STM-GR under thiexamethasone OuM (G) and photographed 20 days after
widely expresse85Spromoter had no effect (Fig. 1A). When germination (moved to agar medium only for photography). The area
35S::STM-GRseeds were germinated on medium containin round in the centre or the rosette in G is contains arrested leaf

dexamethasone, leaf development and growth of th rimordia similar to those seen in B, and early floral buds. Seedlings
’ aElmilar to the one shown in G were seen after spraying with 0.1-10

gotyle_(éorclis and h)époc.?gl | Werle 'nhlblt?dr;] tf(]jgse e_ffect? | arkv dexamethasone, although the degree of growth arrest was more
escribed in more detail below. In spite of the disruption ot lealy, ¢ 4t higher steroid concentrations. Bar: 5 mm.

development, leaf primordia emerged from the meristem with
the normal spiral phyllotaxy (Fig. 1C). This phenotype was
seen in five independeB5S::STM-GRiines; 15 other lines plants could not set seed (not shown). For further analysis, we
showed similar but weaker phenotypes that could besed two stron@5S::STM-GRines.

reproduced by treatment of the strong lines with low To test whether STM-GR could repla&TM function,
concentrations of dexamethasone (not shown). The phenotyB8S::STM-GRwas crossed to plants heterozygous for the
seen in the strong lines was also observed in seedlings wistrongstmmutantsstm-1(Barton and Poethig, 1993) astin-

STM expressed under control of the 35S promoter, althoughl (Long and Barton, 1998). In the absence of dexamethasone,
severe35S::STMlines could not be maintained because thehe kanamycin-resistant progeny 865S::STM-GR stm+


http://www.wisc.edu/genetics/

3210 J.-L. Gallois and others

plants segregated one-quartestmhmutants, showing that the
35S::STM-GRindSTMIloci were not linked. When germinated
in the presence of dexamethasone, however, all kanamyci
resistant seedlings formed a meristem and leaf primordia lik
those formed after activation of STM-GR in a wild-type
background (Fig. 1A-C). PCR genotyping confirmed that som
of these seedlings were indeed homozygiosmutants (not
shown). Thus 35S::STM-GR provided dexamethasone-
dependenS TMfunction that was sufficient to restore meristem
development in strongtmmutants. In spite of the widespread C D
expression directed by the 35S promoter, meristems on

formed in the area where a meristem normally forms. Thi &

[

suggested that additional functions that are independent
STMprovided the cells in the presumptive meristem area witl
competence to fully respond to STM. This is consistent witt
the observation that some meristem genes are still weak
expressed in the presumptive meristem area of stsbmg
mutants (Long and Barton, 1998). E F
Additional evidence that STM-GR provid&irM function
came from ectopic activation of genes that are normall
expressed in the meristem. One of these (Laufs et al., 199¢ *
was the KNAT2 promoter fused to theuidA reporter,
which encodesf-glucuronidase (GUS)KNAT2 encodes a 3
homeodomain protein that functions downstrean$tiMand
is normally expressed in the periphery of the meristem but ] ) ) )
absent or much reduced in organ primordia (Byrne et al., 200§19: 2. STM-GR activated ectopic expressionkdfAT2::uidAand
Laufs et al., 1998a; Lincoln et al., 1994; Pautot et al., 2001§YCD3::uidA but notcycB::uidA 355::STM-GRseedlings were

. . rown for 9 days on medium without dexamethasone (A,C,E) or with
When treated with dexamethasong5S::STM-GR plants 1 uM dexamethasone (B,D,F). The seedlings also contained the

eXpreSSQdKNATZ:U'dA in cotyledons, Igaf primordia "?md reportersKNAT2::uidA(A,B), cycD3::uidA(C,D) orcycB::uidA

roots (Fig. 2A,B). In cotyledons, expression was not unlform(E,F)_

but concentrated on spots that did not seem to correlate with a

particular tissue or cell type. The same pattern (not shown) was

obtained with a reporter gene directed by the promoter ailso restricted, owing to inhibition of cell expansion (not
KNATZ, which is related t&KNAT2 (Lincoln et al., 1994; Ori  shown). When the plants were allowed to produce several
et al., 2000). The meaning of this expression pattern is nétaves before STM-GR was activated, further leaf growth was
clear; it could reflect a positive feedback loop initiated inarrested or deformed. In contrast with previous examples of
random cells that reach a threshold leveb®Mactivity. Other  ectopicknoxgene expression (Sinha et al., 1993; Chuck et al.,
meristem markers, however, showed uniform ectopic activatioh996), ectopic meristems were not seen on the leaves (Fig.
by STM-GR. These includedOB (LATERAL ORGAN 1FG).

BOUNDARIE$ which is normally expressed in the To monitor the effects of ectopic STM-GR on cell division,
boundaries around organ primordia (Shuai et al., 2002) and thnee used cyclin D and cyclin B reporter genes. D-cyclins are
gene trap line J2341, which is expressed around primordia thought to control primarily the S transition; B-cyclins

the shoot meristem (not shown). control the G-M transition and were used as markers for

. o ] o ) mitotic activity (Meijer and Murray, 2001). In wild-type
Ectopic STM activity inhibited differentiation but did background, bothCycD3::uidA and CycB1:uidA were
not activate cell division expressed in scattered cells within the meristem and young

We next examined the effects of ectopic STM activity on celleaves (Fig. 2C,E). In seedlings with activated STM-GR,
division and differentiation. I85S::STM-GRseedlings treated CycB1::uidA expression was comparable to wild-type (Fig.
with dexamethasone, leaves were small, deeply lobed ardf). CycD3::uidAexpression was also similar to wild type in
frequently had ectopic stipules (Fig. 1D). The epidermal cellseristem and organ primordia, but in addition, it was activated
of these leaves were nearly the same size as meristematic cétlgotyledons (Fig. 2D). The ectopic expression ofGkeD3::

and lacked any signs of specialisation. Occasionally, isolateaidA, but not ofCycB1::uidA showed that activation of STM-
guard cells or trichomes developed and reached normal si@&R in differentiated tissues partially activated the cell division
while still surrounded by small, undifferentiated cells,machinery, but was not sufficient to trigger mitosis.
suggesting that reduced cell size was associated with a failure . )

to differentiate and not simply caused by a general inhibitio®ombined STM-GR and WUSCHEL induced ectopic

of cell expansion (Fig. 1E). The fact that the isolated trichome@rganogenesis

and guard cells reached normal size also suggests that the fillae KNAT1::uidA KNAT2::uidAand LOB marker genes that
size of these cell types is set cell-autonomously. In cotyledongere ectopically activated by STM-GR are expressed mainly
and hypocotyls, in which cells were at least partiallyin the periphery of the wild-type meristem (Laufs et al., 1998a;
differentiated at the time of STM-GR activation, growth wasOri et al., 2000; Pautot et al., 2001; Shuai et al., 2002). A
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uidA reporter flanked bjoxP sequences, inserted between the
35S promoter and the coding sequence to be expressed in
random sectors. Plants with this construct were crossed to a
line containing the Cre recombinase directed by a heat shock-
inducible promoter (Sieburth et al., 1998). Heat-shock-induced
Cre catalysed recombination between thgP sequences,
removing theuidA reporter and activating expression of the
downstream coding sequence. The system was tested initially
with the GFP reporter. 1135S::lox-uidA-lox-GFPseedlings
that were not heat shocked, GUS was widely expressed and no
GFP was detected; after heat shock, sectors developed that
expressed GFP but not GUS (not shown). 368::lox-uidA-
lox-GFPline was used to optimise the conditions for induction
of mosaic expression in seedlings (Fig. 3B,C) and as a negative
control in subsequent experiments with WUS expression.
Plants were then generated in which WUS replaced GFP in
the mosaic expression constri@s$::lox-uidA-lox-WUFE The
results shown here are based on two representative lines with
strong, widespread GUS activityd5S::lox-uidA-lox-WUS
was crossed into thehspl8.2:Cre line. Without heat
shock, hsp18.2::Cre; 35S::lox-uidA-lox-WUSeedlings were
indistinguishable from the wild type (not shown). Heat shock
had no morphological effect on wild type bspl18.2::Cre
35S::lox-uidA-lox-GFP controls (Fig. 4A,E). When heat
shocked during germination, howevesp18.2::Cre; 35S::l0x-
uidA-lox-WUS seedlings had misshapen cotyledons and
hypocotyls, with aberrant cell expansion and a limited amount
of cell division (Fig. 4B,F). On approximately 3% of seedlings
(1/42, 4/101, 2/83 in three experiments), outgrowths formed on
the surface of hypocotyls (Fig. 4G). In contrast to subsequent
experiments in which ectopic WUS and STM were combined
(below), these outgrowths did not behave as organ primordia.
To test the effect of combined STM and WUS functions,
Fig. 3. CredoxP-based system for mosaic expression. (A) The lines homozygous for 35S::lox-uidA-lox-WUS and
system was tested in plants containing heat-shock-indut_:ib_le Cre hsp18.2::Crewere crossed t85S::STM-GRplants. Progeny
recombmasek_(sp;S.Z::Cre and a reporter construct consisting of seedlings were heat shocked to induce WUS sectors and
loxp-flankecuidAinserted between the 35S promoter and GFP subsequently plated on medium with dexamethasone. Controls
(35S::lox-uidA-lox-GFfp. After a brief heat shock, transient that were not heat shocked, or that were heat shocked but
induction of Cre caused excisionwtiAand GFP activation in » - !
random cells and their descendants. (B,C) Optical sections of GFP_Iacke(_jSSS..on-mdA-on-WUSshowed f[he same phenotypes
expressing sectors (arrows) on the cotyledon epidermis (B) and in described above fd35S::STM-GRseedlings when plated on
hypocotyls (C) were recorded 7 days after heat shock. dexamethasone-containing medium. Controls that were heat-
shocked and plated without dexamethasone showed the effects
described above after mosaic activation of WUS.
reporter gene that is expressed in the central zone of theAfter heat shock and dexamethasone treatn3&8;:STM-
meristem CLV1::GFP, see below) was not activated by STM- GR; 35S::lox-uidA-lox--WUShsp18.2::Creseedlings had a
GR outside the shoot apex (not shown). It has been proposadvel phenotype: in approximately 35% of seedlings (15/45,
thatSTMhas distinct roles in the central and peripheral regiond5/125, 16/29 in three experiments), outgrowths emerged on
of the meristem (Long and Barton, 1998). Our results raisetihe surface of cotyledons and hypocotyls (Fig. 4C,D). These
the possibility that the partial meristem identity induced byoutgrowths appeared both on the abaxial and adaxial sides of
STM-GR on cotyledons and hypocotyls corresponded to theotyledons, and at any position on hypocotyls. Scanning
meristem peripheral zone, and that full meristem activity coul@lectron microscopy (Fig. 4K), confocal microscopy (Fig. 6D)
be induced if central zone functions were added. SiMtES  and conventional sections of hypocotyls (not shown) suggested
controls central zone identity (Mayer et al., 1998), wethat each outgrowth originated from a single epidermal cell.
generated plants in which WUS could be expressed iAlthough ectopic cell divisions were also seen in the cortex and
differentiated tissues. In wild-type developmeWfUS is  endodermis, outgrowths never seemed to originate from these
expressed in a small group of cells in the SAM and has a shditsues. The outgrowths usually developed into organs that
range, non cell-autonomous effect (Mayer et al., 1998). Teesembled the abnormal leaf primordia seen at the apex of
mimic this situation, we used th€re-loxP recombination seedlings after STM-GR activation, with leaf-like features such
system (Sternberg and Hamilton, 1981) to generate randoas dorsoventral assymetry and trichomes (Fig. 4C,D,J).
WUS-expressing sectors outside the meristem. The ectopic organs induced when STM-GR was activated
The vector used for mosaic expression (Fig. 3A) had than heat-shocked35S::lox-uidA-lox-WUShad GUS activity,
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Fig. 4.Mosaic WUS expression combined
with STM-GR activation caused ectopic
organogenesis. (A) Control seedling
(35S::lox-uidA-lox-GFP; hsp18.2::Cyevith
no morphological effects 7 days after heat
shock induction of GFP sectors (see Fig. 3).
Inset: top view of comparable seedling.

(B) Phenotype caused by mosaic WUS
expression ir85S::lox-uidA-lox-WUS;
hsp18.2::Creseedlings, 7 days after heat
shock. Inset: top view of similar seedling.
(C,D) Phenotype after induction of mosaic
WUS expression and STM-GR activation, in
35S::lox-uidA-lox-WUS; hsp18.2::Cre;
35S::STM-GRseedlings grown on medium
with 1 uM dexamethasone 10 days after heat
shock. The arrows indicate ectopic organs o
the hypocotyl (C) and cotyledons (D).

(E-H) Cryo-scanning electron micrographs of
hypocotyls. (E) Hypocotyl from a control
seedling as in A; (F) hypocotyl after WUS
induction as in B; (G) example of outgrowth
(arrow) observed on the hypocotyl at low
frequency 2 weeks after WUS induction as iny gw=v
B; (H) hypocotyl after activation of STM-GR
but not WUS 85S::STM-GRseedling grown
for 10 days on medium withjiM
dexamethasone). Bar: 1Qfn. (I-K) Cryo-
scanning electron micrographs of ectopic
organs induced by combined WUS and STM-j
GR activation (as in C,D). (I) Outgrowth on ¥
cotyledon (as in D); (J,K) outgrowths on
hypocotyls (as in C). Arrows in K indicate
outgrowths at early stages. Bar: 308@.

indicating that they developed from cells that still containednitiated ectopic meristem activity, but self-perpetuating
the uidA reporter and therefore should not express WUS (Figneristems were not established. To verify whether the ectopic
5A-C). This indicated that the outgrowths developed from cellergans originated from cells that expressed a meristem
that received a signal from WUS-expressing cells, consistemarker gene, we monitored expressioiCa¥V1::GFP. CLV1
with the non cell-autonomous activity fUSin the meristem. encodes a receptor kinase and functions in a pathway that
In situ hybridisation was used to verify that outgrowths did notontrols the size of the stem cell population in the centre
expressWUSbut appeared in the vicinity aWUSexpressing of the meristem. AccordinglyCLV1 is expressed in the
cells (Fig. 5E-G). Not every patch WUSexpressing cells in  meristem central zone (Clark et al.,, 1997). Confocal
cotyledons and hypocotyls, however, was associated with anicroscopy of the apex of germinating seedlings showed that
outgrowth. As mentioned above, outgrowths seemed t€LV1::GFP was expressed in the meristem CZ (Fig. 6A,B),
originate from epidermal cells, suggesting that different tissues a few expanded cells below the meristem and in the
and cell types responded differently to the WUS signal. Itleveloping vasculature in the vicinity of the meristem (not
cannot be excluded, however, that production of the WUShown).
signal could also be limited to specific tissues or cell types. Plants homozygous for35S::lox-uidA-lox-WUS and

] ] o hsp18.2::Cre were crossed tB35S:STMGR; CLV1:GFP
Ectopic organs induced by WUS and STM originated plants. The progeny was heat shocked 2 days after
from transient meristem activity germination and plated on dexamethasone-containing
The appearance of organ primordia on cotyledons anchedium. Two days after heat shock, ectopic cell divisions
hypocotyls suggested that combinaUSand STMactivity =~ were detected on the hypocotyl epidermis (not seen in
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Fig. 5. Ectopic organogenesis was a non cell-
autonomous response to WUS. (A,B) Whole
seedlings stained for GUS activity after
induction of ectopic organogenes3&S::lox-
uidA-lox-WUS; hsp18.2::Cre; 35S::STM-GR
seedlings were grown on medium wit¥ .
dexamethasone for 10 days (A) or 7 days (B)
after heat shock. Arrows indicate GUS- :

through the hypocotyl of a seedling treated a
described in B, showing an outgrowth with
GUS-expressing cells. Bar: 1Qén. el
(D-G) Detection of WUS mRNA by in situ
hybridisation. (D) Control showing
endogenousVUSexpression (arrow) below
the centre of the meristem, in a transverse
section through the apical meristem (m) and
leaf primordia (p) of 85S::STM-GRseedling
(equivalent to the seedlings in Figs 1B and
2B). (E-G) Patches of ectopic WUS mRNA in
sections through a leaf primordium (p) and
cotyledons (c) in seedlings with mosaic WUS
expression combined with STM-GR
activation (equivalent to the seedlings shown
in Fig. 4C,D). The arrow indicates outgrowths
on cotyledons, consisting of cells that did not
express WUS. Bar: 10m.

controls that were not heat shocked). These newly dividin@ISCUSSION
cells expresse@LV1::GFP (Fig. 6C). Seven days after heat
shock, ectopic outgrowths were visible. Like meristemsThe continuous and reiterative nature of plant development
these outgrowths contained small, isodiame€@icy1::GFP-  requires the maintenance of undifferentiated cells at the
expressing cells (Fig. 6D). In the areas where the outgrowtlggowing tips throughout the life of the plant. Genetic and cell
were bulging out of the hypocotyl surface, the cells were stilablation experiments suggested that meristem cells
small and seemed to be actively dividing, but no longedifferentiate by default unless they receive specific signals that
expressedLV1::GFP. In outgrowths with leaf-like features prevent differentiation (Mayer et al., 1998; van den Berg et al.,
(10 days after heat shock), expressionCeiV1::GFP was  1997). In the shoot meristen§TM and WUS antagonise
detected mostly at the base and occasionally in a fraction dffferentiation. An important open question, however, is
the cells within the ectopic organs (Fig. 6E). These GFPwhether activation of these genes in differentiating tissues can
expressing cells were fewer and larger than in earlier stagagvert differentiation and restore competence to initiate organs.
suggesting that they were no longer actively dividing.Previous studies have shown that ectopic expression of
Controls with induction of STMGR only or WUS only did meristem regulators such as KNAT1 and WUS cause ectopic
not activateCLV1::GFPin cotyledons (not shown) or in the meristem activity (Chuck et al., 1996; Schoof et al., 2000). In
hypocotyl (Fig. 6G,H), except in the outgrowths seen at a loshese studies, however, meristem regulators were expressed
frequency on the hypocotyl after activation of WUS alonefrom early stages in meristem-derived organs, and therefore
(not shown). reversion to meristematic identity could not be distinguished
These results suggested that combined WUS and STM-Girom maintenance of meristem functions in developing organs.
initiated meristem activity (based on activated cell division andin contrast, most of our experiments focussed on the effect of
CLV1::GFP expression), but the meristematic cells wereactivating WUS and STM in cotyledons and hypocotyls, which
consumed in the development of ectopic organs. are the only shoot organs believed not to derive from the shoot
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Fig. 6. TheCLV1promoter was transiently activated during ectopic
organogenesis. (A,B) Optical sections through the apex of 3-day old
control seedlings. (A) Seedling lackigd V1::GFP. The red

chlorophyll fluorescence marks the base of the cotyledon petioles;
the space in the centre is occupied by the meristem and the first two
leaf primordia. (B)CLV1::GFPseedling. GFP signal is visible in the
meristem (arrow); the dark areas adjacent to the meristem is
occupied by leaf primordia. (C-F) Longitudinal optical sections
through the hypocotyls of seedlings with ectopic org868(:lox-
uidA-lox-WUS; hsp18.2::Cre; 35S::STM-GIReat shocked and

plated on medium with iM dexamethasone; equivalent to the
seedlings shown in Figs 4C,D and 5B). (CEENV1::GFPseedlings,

(C) 2 days, (D) 7 days and (E) 10 days after heat shock. The arrows
in C indicate the division of epidermal cells seen in early stages of
outgrowth formation. (F) Control seedling lacki6gV1::GFP, 10

days after heat shoc{G,H) Longitudinal optical sections through

the hypocotyls of control seedling35S::lox-uidA-lox-WUS;
hsp18.2::Cre; 35S::STM-GRCLV1::GFP) with activation of STM-

GR or WUS alone. (G) seedling that was not heat shocked, after
growth for 7 days in medium withjiM dexamethasone (STM-GR
activation alone); (H) seedling that was heat shocked and grown for 7
days on medium without dexamethasone (WUS activation alone).
The green/yellow signal seen along part of the walls of the large cells
in H is an artefact of light refraction, also seen in seedlings that
lackedCLV1::GFP. Bar: 100um.

(Sinha et al., 1993). In contrast, ectopic activatiotKNAT1

and KNAT2 by STM-GR (our results) or irasymmetric
leavesl-1(asl-) andas2-2mutants (Ori et al., 2000) did not
cause ectopic meristems [although occasional ectopic
meristems were reported &s1-1by Byrne et al. (Byrne et al.,
2000)]. One possible explanation for this discrepancy is that
higher levels of STM (and consequently KNAT1 and KNAT2)
would be required to initiate meristems. The level of STM-GR
expression in our experiments, however, appeared to be
physiologically relevant, because it was sufficient to rescue the
meristem instm mutants and to initiate ectopic meristem
activity in combination with WUS. In addition, a more severe
35S::STMphenotype has been reported, with inhibition of
growth and leaf development, disruption of the SAM, but no
ectopic meristems (Williams, 1998). The less severe effect in
our experiments could be due to the fact that STM-GR was
activated only after embryogenesis. Our most s8%:STM
lines, however, were similar to dexamethasone-treated
35S::STM-GRIiines (not shown); seedlings with more severe
inhibition of growth may have been missed during the selection
of kanamycin-resistant transformants.

In spite of the failure to induce ectopic meristems or mitosis,
activation of the cyclin D3 promoter suggested a link between
apical meristem (Jurgens, 2001; Long and Barton, 1998). ThETMand the cell division machinery. This link, however, may
way, we could more easily study the ectopic establishment dfe indirect. Expression of cyclin D3 is activated by cytokinin
meristem functions. (Riou-Khamlichi et al., 1999), andSTM may increase

Ectopic activation of STM-GR inhibited cell expansion cytokinin levels, as seen after ectopic expression of
and the development of specialised cell types, but did ndfNOTTED1 in tobacco leaves (Ori et al., 1999). D-cyclins
activate cell division. The previously reported effects ofhave been proposed to function at a point when differentiation
ectopic expression oSTM homologues included delayed decisions are made (Meijer and Murray, 2000) so activation of
differentiation, increased subdivision of the leaf lamina,cyclin D3 may be related to the delay in differentiation caused
ectopic meristems on the adaxial surface of leaves, or lay ectopic STM activity.
combination of these phenotypes (Reiser et al., 2000). Ectopic Our data support the previous suggestion ®aM has
meristems were seen on the leaves of plants overexpressisgparable PZ and CZ functions. These different functions have
KNAT1 in Arabidopsisand in tobacco plants with high levels been proposed on the basis of the mutant phenotypes and on
of expression of the maiz8TM homologue,KNOTTED1 the expression pattern &TM during embryogenesis. The
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partial fusion of cotyledons seengtmmutants suggested that and CLV1::GFP expression, indicating that the outgrowths
STMinhibits growth in the areas between emerging organsnitially had characteristics of the CZ of the meristem.
while in the centre of the meristen§TM is required to SubsequentlyCLV1::GFP was down-regulated and leaf-like
maintain cell proliferation (Long and Barton, 1998). In ourorgans developed. This suggested that the outgrowths
experiments, activation of genes that are expressed in tipeogressed through the states normally assumed by cells in
periphery of the meristem, but not of the central zone markaetifferent meristem areas: central zone (marked Giy1
CLV1::GFP, suggested that STM outside the shoot apeexpression), peripheral zone (active cell division buChy
activated peripheral zone functions. The prediction that thexpression, and ability to initiate organs), and finally organ
missing central zone functions could be provided by WUS wagrimordia. We propose two hypotheses to explain this result.
confirmed here: combined WUS and STM-GR triggeredlhe response to tH&USsignal could be distance-dependent:
meristem activity, expression of a CZ mark@LyY1::GFP) in the vicinity of WUS-expressing cells, STM-expressing cells
and organogenesis. respond to a strong signal and acquire central zone identity. As
An interesting feature of the results of combined STM andell division increases the number of cell layers from the WUS
WUS activity was that ectopic organs were induced on botBource, STM-expressing cells continue dividing but shift to
the adaxial and abaxial sides of cotyledons. This contrasts wigieripheral zone functions and acquire the ability to initiate
previous reports where misexpression of genes caused ectopigans. Alternatively, combined WUS and STM could trigger
organs specifically on the adaxial surface of leaves (Chuck atcascade of signals, starting with activation of central zone
al., 1996; McConnell and Barton, 1998; Sinha et al., 1993)dentity by a WUS-dependent signal. Central zone functions
These previous results indicated that the adaxial side hasuld include the mechanism to trigger the transition to
special competence for meristematic activity, consistent witperipheral zone identity, possibly stimulated by GV
the fact that axillary meristems normally form on the adaxiapathway (Clark et al., 1997); peripheral zone identity would
side of the leaf (McConnell and Barton, 1998). Our worktrigger the transition to organogenesis.
suggest that combined WUS and STM function can bypass thelf combined ectopic STM and WUS provided both central
factor(s) that confer special meristematic competence to ttone and peripheral zone functions, why were self-maintaining
adaxial side of lateral organs (assuming that these factomseristems not established? One possibility is that additional
function similarly in leaves and cotyledons). genes need to be activated or repressed independe&iMbf
Our results are consistent with the suggestion\WidSis  and WUSfor full meristem activity. Another possibility may
required to produce a signal that specifies stem cells across ded that in the ectopic induction experiments, WUS expression
layers (Mayer et al., 1998). Whe3iTM and WUSfunctions  was insensitive to the delicate regulatory mechanisms that
were combined, cell division was activated in cells that did notaintain the meristem, in particular the feedback loop between
express WUS. This observation was supported by experimentgUSandCLV genes (Schoof et al., 2000). An early effect of
in which no ectopic organs were initiated after STM-GRectopic WUS was activation of ti@&.V1promoter. Sinc&VUS
activation and ubiquitous WUS expression caused by higivas also reported to activaBt V3 (Schoof et al., 2000), it is
levels of Cre induction (not shown). In seedlings with mosaiceasonable to expect that the whdBV pathway was
WUS expression, however, not every WUS-expressing sectactivated. TheCLV pathway has been proposed to have two
was associated with ectopic organs. The ability to initiatéunctions, which are not mutually exclusive: to inhibit cell
organs seemed limited to epidermal cells that did not expregsoliferation in the central zone of the meristem, and to
WUS, but we cannot exclude the possibility that the ability tqoromote the transition of cells from the central to the peripheral
produce the WUS signal may also be limited to specific celtone (Clark et al., 1996; Clark et al., 1997). In addit©hy
types or tissues. activity negatively regulateg/USat the transcript level; this
With the caveat that additional factors may affect thenegative feedback loop prevents excessive growth of the central
ability to produce or respond to tMéUSsignal, our results zone in response t&/US (Brand et al., 2000; Schoof et al.,
suggest that this signal triggers division in STM-expressin@000). In our experiment§LV1may not be able to moderate
cells. This is consistent with the observation that inyats-  its own expression by repressing its activator, WUS, because
1 embryos, the cells in the area normally occupied by théhe latter is controlled by a heterologous promoter. The build-
meristem still expres§TM but fail to divide (Laux et al., up of high CLV activity may eventually inhibit cell
1996; Mayer et al., 1998). Instead, these cells enlarge, shgwoliferation and promote the transition to peripheral zone
signs of differentiation and, after germination, no longerfunction and organogenesis. Both effects would explain why
express STM The fact thatwus-1 mutants re-initiate expression o€LV1::GFPand organogenesis were transient in
organogenesis days after germination, however, shows thatir experiments.
cell division can occur at the shoot apex independently of In conclusion, we have shown that ectofitM and WUS
WUS(Laux et al., 1996). This organ re-initiation may rely onfunctions interact non-additively to activate a subset of
the mechanism that establishes axillary meristems at the baseristem functions, including cell divisio€LV1 expression
of leaves. The tomatiateral suppressomutant showed that and organ initiation. Our results also suggest WatS and
establishment of the apical and axillary meristems ar&TMnot only maintain meristem cells undifferentiated, but can
genetically separable (Schumacher et al., 1999). We propoaéso revert cells to a CZ-like, undifferentiated and actively
that during axillary meristem development, other genes cadividing state, from which they can follow an alternative
transiently replace th&/USsignal to trigger cell division in differentiation pathway (from hypocotyl to leaf-like identity).
response t&TM The ectopic induction of meristem CZ identity was followed
The ectopic organs in seedlings with combined WUS anbly organogenesis, suggesting that the mechanisms that
STM activity initiated with localised activation of cell division establish the CZ and organogenesis are coupled.
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