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Role of WUSCHEL in Regulating Stem Cell Fate
in the Arabidopsis Shoot Meristem

gene is observed earlier in cells between the incipient
cotyledonary primordia of the globular-stage embryo
(Long et al., 1996). However, nothing is known about
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D-72076 Tübingen In postembryonic development, the Arabidopsis
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with axillary meristems and later to floral meristems.
Floral meristems are homologous to shoot meristems,

Summary and their activity is regulated in part by the same set of
genes (Clark et al., 1993; Endrizzi et al., 1996; Laux et

The shoot meristem gives rise to the aerial parts of al., 1996). However, in contrast to Arabidopsis shoot
higher plants by continuously initiating new organs. meristems, floral meristems give rise to a fixed number
The basis of this activity is its ability to maintain a pool of organs and terminate in the central gynoecium.
of pluripotent stem cells, which are the ultimate source In the shoot meristem, a central zone (CZ) at the sum-
of all tissues of the shoot. In Arabidopsis plants mutant mit where cells divide relatively infrequently can be dis-
for the WUSCHEL (WUS) gene, the stem cells are mis- tinguished from the surrounding peripheral zone (PZ)
specified and appear to undergo differentiation. Here, with rapidly dividing cells (Figure 1A; Steeves and Sus-
we show that WUS encodes a novel homeodomain sex, 1989). The CZ is thought to harbor the stem cells,
protein which presumably acts as a transcriptional whereas organ formation is initiated in the PZ (Steeves
regulator. The pattern of WUS expression suggests and Sussex, 1989). From the outside to the inside, the
that stem cells in the shoot meristem are specified by shoot meristem is organized into three separate “germ”
an underlying cell group which is established in the 16- layers that contribute differentially to the tissues of the
cell embryo and becomes localized to its prospective shoot (Figure 1A; Satina et al., 1940). Cells in the outer-
domain of function by asymmetric cell divisions. most layer, L1, give rise to the epidermis, whereas deriv-

atives of the two subepidermal layers, L2 and L3, form
internal tissues. Clonal analysis indicated that each cellIntroduction
layer contains 1–3 stem cells, from which all cells within
this layer are derived (Stewart and Dermen, 1970).Higher plants form organs throughout their life via the

To maintain the integrity of the shoot meristem duringactivity of apical meristems (Steeves and Sussex, 1989).
repetitive organ formation, cell proliferation and organDuring plant embryogenesis only a basic body organiza-
initiation must be precisely coordinated (Clark, 1997;tion is laid down with a root and a shoot meristem at
Meyerowitz, 1997). The balance between these two pro-the basal and apical pole of the seedling, respectively.

The meristems contain a pool of pluripotent stem cells, cesses appears to be competitively regulated by the
which are able to self-maintain and to produce the cells CLAVATA (CLV) and STM genes (Clark et al., 1996).
required for organ initiation. The initiation and mainte- CLV1, a putative receptor kinase, is likely to be a compo-
nance of stem cells and their integration into organ- nent of a signaling pathway that promotes organ forma-
forming meristems are thus the basis for continuous tion (Clark et al., 1997; Williams et al., 1997; Laufs et al.,
postembryonic plant development. 1998). Its antagonist, STM, is a homeodomain protein

The origin and development of the shoot meristem in of the KNOTTED-1 family (Kerstetter et al., 1994; Long
the embryo have been discussed controversially. Based et al., 1996) and appears to prevent the entry of cells
on comparative morphology, one model in classical bot- into organogenesis (Clark et al., 1996; Endrizzi et al.,
any holds that the shoot meristem is first differentiated 1996).
by the simultaneous initiation of the cotyledons and a Little is known, however, about the mechanisms by
perpetuating center in the apical region of the globular which the stem cells are specified during the formation
embryo (Spurr, 1949; Kaplan, 1969; Kaplan and Cooke, and maintenance of shoot and floral meristems. The
1997). Alternatively, the shoot meristem has been inter- stem cells are pluripotent in that they give rise to a
preted as the result of an embryonic patterning process variety of cell types, and they are undifferentiated in that
(Hake et al., 1995; Laux and Jürgens, 1997; Long and they lack features of cells in mature tissue (Barlow, 1978;
Barton, 1998; Moussian et al., 1998). Histologically, the Steeves and Sussex, 1989). Clonal analysis (Ruth et al.,
shoot meristem can be recognized at mid-embryo

1985) indicated that stem cell fate is specified by posi-
stages (Barton and Poethig, 1993). The expression of the

tional information and imposed on the cells that cur-
shoot meristem-specific SHOOTMERISTEMLESS (STM)

rently reside at the summit of the shoot meristem (re-
viewed in Newman, 1965; Laux and Mayer, 1998). Only
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regulators of shoot and floral meristems, suggesting
that WUS integrates positional and temporal information
from these genes (Laux et al., 1996; Laux and Schoof,
1997).

Here, we report the molecular analysis of the WUS
gene, addressing its role in shoot and floral meristems.
Our data support a novel model to explain how these
meristems are formed and maintained in plant develop-
ment. We provide evidence that the specification of stem
cells requires a small group of underlying cells that ex-
hibit WUS expression. This cell group originates during
early embryo pattern formation long before a shoot meri-
stem can be recognized.

Results

Map-Based Cloning of the WUS Gene
To isolate the WUS gene, we used RFLP- and PCR-
based mapping of recombination breakpoints in 3150
meiotic events from a cross of wus-1 (Ler) 3 wild type
(Nd). We determined the order of genomic loci as ABI14-
GII, pCITd84, m216, WUS, and PhyB and localized WUS
about 0.8 cM proximal to the RFLP marker pCITd84
(Figure 2A). We initiated a chromosome walk from
pCITd84 with yeast artificial chromosomes (YAC) and
localized WUS on a single YAC clone of about 400 kb,
yUP3C8. From the right end of this YAC, we initiated a
cosmid walk spanning about 52 kb and mapped the
WUS gene to this contig (Figure 2A).

To further localize the WUS gene, we transformed
cosmids representing this contig into roots of homozy-
gous wus-1 seedlings and examined the regenerated
transgenic plants for complementation. The seedlings
had been obtained from a cross of wus-1 (Ler) 3 wild

Figure 1. Shoot and Floral Meristem Development type (Ws-2), which enabled us to confirm their genotype
(A) Organization of the shoot meristem. The tissues of the plant at the WUS locus by PCR for the closely linked markers
shoot are derived from three germ layers of the shoot meristem, m216 and yUP3C8 right (Figure 2A). Roots taken from
L1–L3 (arrows). Each layer presumably contains 1–3 stem cells (sc,

14 seedlings that were transformed with cosmids 6, 8,darkly shaded) within the apical part of the central zone (CZ, faintly
or 9 (Figure 2A) gave rise to a total of 76 transgenicshaded). Organ primordia (p) are initiated in the peripheral zone (PZ,

hatched). Underneath the CZ, the flat cells of the rib zone (RZ, plants that showed complementation of the wus defect
horizontal stripes) form the central pith of the shoot axis. and formed flowers with a complete set of organs (Figure
(B and D) Live seedlings. (B) Wild-type seedlings give rise to a 2B). By contrast, all transgenic plants containing any of
rosette of leaves. (D) wus seedling apices discontinue leaf formation

the other cosmids showed the wus mutant phenotype.after two true leaves have been formed. c, cotyledon; l, leaf.
The progeny of the plants that showed complementation(C and E) Scanning electron micrographs of flowers. (C) Wild-type
segregated WUS and wus phenotypes. All of 338 kana-flowers contain four whorls of organs: four sepals in the first, four

petals in the second, six stamens in the third, and two fused carpels mycin-resistant plants tested exhibited a wild-type phe-
in the fourth whorl. (E) wus flowers, which are occasionally formed notype, indicating that the T-DNA that conferred kana-
on adventitious shoots, display normal organ numbers in the two mycin resistance also carried the WUS gene (data not
outer whorls but terminate in a single central stamen.

shown).Scale bars, 1 mm (B and D) and 500 mm (C and E).
The three complementing cosmids shared two HindIII

DNA fragments of 10 and 1.5 kb, respectively. With these
fragments, we screened 5 3 105 clones of a cDNA libraryRecent genetic analysis in Arabidopsis suggests a
made from young flowers (Weigel et al., 1992) and iso-central role for the WUS gene in regulating stem cell fate
lated seven independent cDNA clones, which repre-throughout development. Mutations in the WUS gene
sented a single transcript. Two clones displayed onespecifically result in the failure of shoot and floral meri-
long open reading frame of 873 nucleotides. We con-stems to self-maintain (Figures 1B–1E) (Laux et al.,
firmed that this open reading frame represented the1996). Although in the absence of WUS, stem cells ap-
WUS gene by identifying mutations in the cognate geno-pear misspecified, they are not incorporated into or-
mic DNA of four different wus alleles (see below). Stopgans, indicating that WUS is required to specify stem
codons upstream of this open reading frame indicatedcell fate rather than to repress organ formation. Genetic

analysis indicated that WUS interacts with several other that these cDNAs contained the complete coding region.
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The WUS Gene Encodes a Homeodomain Protein the loss of about one-third of the protein, including the
putative transactivation domain. The weak wus-3 alleleThe putative transcription start of the WUS gene was

determined by 59-RACE. We analyzed the genomic se- contains a proline to leucine missense mutation in the
N-terminal part of the homeodomain.quence upstream of the WUS gene and identified a TATA

box, a CCAAT box, and a GC box at 35 bp, 56 bp, and
80 bp upstream of the transcription start, respectively Cellular Localization of the WUS Protein
(data not shown). A putative polyadenylation signal (Wu In order to study the subcellular localization of the WUS
et al., 1995) was identified 20 bp upstream of the poly(A) protein, we used a translational fusion between WUS
tail (data not shown). A comparison of genomic and and the Glucuronidase (GUS) reporter gene in transient
cDNA sequences revealed the presence of two introns expression assays (Varagona et al., 1992). Figure 3 shows
with a length of 566 bp and 90 bp, respectively (Figure that WUS targeted most GUS activity into the nucleus
2C). The WUS gene encodes a conceptual protein of of onion epidermis cells. The nuclear localization activity
291 amino acids, and sequence comparison revealed of WUS is consistent with its proposed role as a tran-
two putative functional domains (Figure 2C). The region scriptional regulator.
between amino acid residues 33–98 shows similarity to
homeodomains (see below), and the region between

WUS Expression during Embryogenesisresidues 234–241 contains a cluster of acidic amino acid
Phenotypic analyses had suggested that WUS is re-residues. Computer analysis predicted that the acidic
quired for pluripotent cell fate during embryonic shootcluster can form an amphipathic a helix, similar to known
meristem development (Laux et al., 1996). To test thistransactivation domains of transcriptional regulators
hypothesis, we analyzed WUS mRNA expression during(Ptashne, 1988).
embryogenesis. Due to an invariant cell division pattern
in initial stages of Arabidopsis embryo development,

WUS Represents a Novel Subtype of the morphological regions of the seedling can be traced
Homeodomain Protein Family back to cells in the early embryo (Mansfield and Briarty,
Homeodomain proteins have been identified in many 1991; Jürgens and Mayer, 1994). The eight-cell embryo
organisms and generally appear to be involved in devel- consists of an apical region of four cells, which will form
opmental or cell type regulation. The characteristic ho- the shoot meristem and most of the cotyledons, and a
meodomain is a conserved protein domain of about 60 basal region of four cells, which will form the hypocotyl
amino acids that functions in sequence-specific DNA and most of the root. Up to the eight-cell embryo stage,
binding. The hallmarks are a helix-loop-helix-turn-helix no WUS expression was detected (Figure 4A).
structure and 12 highly conserved amino acid residues Each of the eight embryo cells divides periclinally to
(Gehring et al., 1990; Laughon, 1991). The WUS homeo- give an inner cell and an outer protoderm cell. This was
domain has all of these properties and was found to be the earliest stage at which WUS mRNA was detected.
about 30% identical to and 45%–50% similar to several It was confined to the four inner cells of the apical region
homeodomain sequences from plants, animals, and yeast (Figure 4B). Each of these inner cells then divides longi-
(Figure 2D). To determine the relationship of WUS to tudinally, giving rise to a central and a peripheral daugh-
other homeodomain proteins, we performed a similarity ter. WUS mRNA was only detected in central daughter
analysis using a heuristic tree-building program. This cells but was absent from peripheral daughters (Figures
analysis revealed that the WUS homeodomain cannot 4C and 4D).
be significantly grouped together with any other homeo- The transition-stage embryo consists of about 100
domain (data not shown) and therefore represents a cells and is characterized by the outgrowth of cotyledon-
novel branch on the homeodomain protein tree. ary primordia on each side of the presumptive shoot

meristem region (Figure 4E). At this stage, WUS mRNA
was detected in two subepidermal cells in the center ofMutations Disrupting the WUS Gene

Based on the average number of central stamens the apex (Figure 4E). Serial sections suggested that the
WUS expression domain was only one cell deep (dataformed in mutant flowers, we classified the three mutant

alleles wus-1, wus-2, and wus-4 as strong (about one not shown).
At the heart stage, the basic body organization, com-stamen per flower) and wus-3 as a weak allele (about

three stamens per flower). The WUS gene was amplified prising cotyledonary primordia, shoot meristem primor-
dium, hypocotyl primordium, and root pole, is histologi-and sequenced from genomic DNA of homozygous wus

mutants. In each allele a single point mutation relative cally recognizable. The subepidermal cells within the
shoot meristem region have divided transversely, givingto wild type was detected (Figure 2C). The mutations

in the three strong wus alleles presumably lead to a rise to upper (L2) and lower (L3) daughter cells. WUS
mRNA was restricted to the L3 daughter cells but waspremature translational stop. In wus-4, a TAA stop co-

don results in a translational stop after 44 amino acid absent from the L2 daughters (Figure 4F). Longitudinal
sections perpendicular to the plane of the cotyledonsresidues. In wus-1, the 59-exon-intron boundary of intron

2 is changed from GG to GA, replacing a G that is highly revealed that the WUS expression domain spans only
one cell in depth (Figure 4G). Until this stage, we haveconserved at plant gene splice sites (Brown, 1996). The

failure to remove intron 2 results in a translational stop not found a single case (n 5 60) in which after a cell
division both daughter cells contained WUS mRNA, indi-after a few codons within the intron (data not shown).

wus-2 contains a TAG stop codon at amino acid position cating that asymmetric WUS mRNA distribution was
established during or rapidly after cell division.209. In wus-1 and wus-2, a translational stop results in
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Figure 2. Positional Cloning and Structure of the WUS Gene

(A) A 1.0 cM region between the RFLP marker locus pCitd84 and the right end of yUP3C8 was spanned with YAC, P1, and cosmid clones.
Cosmids 4–6, 8–10, and 12 were tested for complementation of the wus-1 mutation. The complementing region is indicated by shading. The
frequency of recombinants found with a given marker is indicated.
(B) Comparison of a flower from a wus-1 plant (wus) that terminates in a single stamen and does not form a gynoecium and a flower from a wus-1
plant transformed with cosmid 9 (rescue), which formed a gynoecium and was indistinguishable from wild-type flowers (compare with Figure 1C).
(C) The WUS protein sequence deduced from the longest open reading frame of the WUS cDNA. The mutations in wus-2 and wus-4 result in
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expressed throughout the shoot meristem in late-stage
wild-type embryos (Figure 4L). In wus there are a few
slightly enlarged cells in place of the shoot meristem at
this stage (Laux et al., 1996). At least some of these
cells expressed STM (Figure 4M). However, we did not
detect STM expression in terminated apices of wus
seedlings (data not shown). Therefore, expression of
both WUS and STM during embryo development ap-
pears to be initiated independently of the respective
other gene, but it was no longer found in apparently
differentiated apices of the corresponding mutant seed-
lings.

Figure 3. Nuclear Localization of the WUS-GUS Protein WUS Expression in Postembryonic Development
(A) WUS-GUS fusion protein is localized in the nucleus of onion The wus phenotype suggested that during postembry-
epidermis cells. onic development, WUS is required in central cells of
(B) Negative control: GUS protein is evenly distributed throughout shoot and floral meristems (Laux et al., 1996). To test
the cell.

this hypothesis, we studied WUS expression in postem-
bryonic shoot meristems and during flower develop-
ment. In both the vegetative (Figure 5A) and the inflores-

During subsequent development, the embryonic shoot cence shoot meristem (Figure 5B), WUS mRNA was
meristem increases in size and initiates the first two confined to a small group of cells in the center of the
leaf primordia. In late-stage embryos, WUS mRNA was shoot meristem underneath the three outermost cell
detected in a small group of central cells in and under- layers.
neath the L3 of the shoot meristem (Figure 4H). By con- Floral meristems emerge as small bulges (stage 1 in
trast, WUS mRNA was absent from the two outer cell Figure 5B; stages according to Bowman, 1994) at the
layers. In summary, WUS expression was initiated in the periphery of the inflorescence meristem and develop
16-cell embryo and was gradually confined to the center into a dome of cells (stage 2, Figure 5D). Subsequently,
of the developing embryonic shoot meristem, but it was sepals, petals, and stamens are successively initiated
absent from all other parts of the embryo. at the periphery of the floral meristem (Figures 5B and

5E). The floral meristem terminates when its central cells
are consumed during the initiation of carpel primordiaWUS and STM Gene Expression Are Initiated
(Figure 5F). WUS mRNA was detected in stage 1 floralIndependently of Each Other
meristems in a region separate from the WUS expres-In stm mutants the shoot meristem terminates prema-
sion domain of the inflorescence meristem, suggestingturely in fused organs. Genetic analysis showed that
that WUS expression was newly established duringmutations in the WUS gene did not lead to morphological
flower development (Figures 5B and 5C). Subsequently,changes in seedlings of strong stm alleles (Endrizzi et
the strongest WUS expression was observed in stageal., 1996). However, WUS expression is initiated in shoot
2 flowers (Figures 5C and 5D), after which the hybridiza-meristem precursor cells several embryo stages before
tion signal decreased (Figure 5E) to become undetect-STM is expressed. To examine the relation between
able when the carpel primordia emerged (Figure 5F). InWUS and STM at the transcriptional level, we used in
contrast to the shoot meristem, floral meristems accu-situ hybridization in wus and stm late-stage embryos,
mulated WUS mRNA in a small group of central cellsin which the mutant phenotypes could be scored unam-
that included the third cell layer. WUS mRNA was onlybiguously. In late-stage stm embryos, there is no wild-
excluded from the two outermost layers.type shoot meristem, and the cotyledonary primordia

join at an acute angle (Figure 4K). At this stage, we
observed strong WUS expression in apical cells corre- Discussion
sponding to the position of the shoot meristem in wild
type, indicating that there are at least some cells in We have reported the cloning of the WUS gene, a central

regulator of stem cell fate in shoot and floral meristems,the stm apex that have meristematic identity. We were,
however, unable to detect WUS expression in apices and have addressed its role during embryonic and post-

embryonic meristem development.of stm seedlings (data not shown). The STM gene is

stop codons (designated *). The mutation in wus-1 changes an exon–intron border and results in a predicted translational stop a few codons
later (designated *). The mutation in wus-3 results in an amino acid substitution as indicated. The homeodomain (solid line) and an acidic
domain (broken line) are underlined. The positions of introns are indicated by triangles.
(D) Comparison of the WUS protein region between residues 33 and 98 with homeodomain sequences identified in the GenBank database.
Residues identical or similar (Gribskov et al., 1986) to the WUS sequence are shaded. The highly conserved residues in homeodomains are
indicated (*) (Gehring et al., 1990). Gaps are given as dashes. GenBank accession numbers: LIM3, Z22702; ZFH1, M63449; ATBF1, D10250;
Pho2, M24613; ZFH2, M63450; SHOXB, U82668; HOXA13, U82827; engrailed (en), U82487; AtHB8, Z50851; AtHB9, Y10922; AtHB14, Y11122.
A, Arabidopsis thaliana; B, Branchiostoma floridae; D, Drosophila melanogaster; H, human; S, Saccharomyces cerevisiae; and X, Xenopus.
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Figure 4. Expression of WUS mRNA in Arabi-
dopsis Embryo Development

(A) An 8-cell embryo. The four upper cells,
two of which are seen in the plane of section,
will give rise to cotyledons and shoot meri-
stem, while the four lower cells will form hypo-
cotyl and root. Tissue layers have not formed
yet. WUS mRNA was not detected at or be-
fore this stage.
(B) A 16-cell embryo. All cells of the eight-cell
embryo shown in (A) have divided periclinally,
separating the outer protoderm and the inner
cells. In the inner cells of the apical region
(white arrow), WUS mRNA is detected, but
not in the basal region or in the protoderm
(black arrow).
(C) One of the inner apical cells shown in (B)
has divided longitudinally. The daughter cell
in the center (white arrow) continues WUS
expression, whereas the peripheral daughter
has discontinued WUS expression (black
arrow).
(D) A 32-cell embryo. All inner apical cells
shown in (B) have divided longitudinally. WUS
mRNA is detected in the central daughter
cells (white arrow), but not in the peripheral
daughters (black arrow).
(E) Transition-stage embryo. The apical do-
main contains two cell layers, the protoderm
and one subepidermal layer. Two subepider-
mal cells in the center express WUS (white
arrow).
(F) Heart-stage embryo. The subepidermal
cells shown in (E) have divided transversely,
resulting in a three-layered apical domain.
WUS mRNA was detected in the lower daugh-
ters but not in the upper daughters of the
WUS expressing cells shown in (E). The black
line represents the plane of the section shown
in (G).
(G) Heart-stage embryo. Only a single cell ex-
presses WUS in a longitudinal section as indi-
cated in (F).
(H) Late-stage embryo. A small cell group of
the shoot meristem expresses WUS. The outer
two layers do not show WUS expression.
(I) Late heart-stage embryo. Sense control.
No staining detected.
(K) Late-stage stm embryo. WUS expression
is found in cells underneath the point where
the cotyledons meet (arrow).
(L) Late-stage wild-type embryo. STM is ex-
pressed throughout the shoot meristem bulge.
(M) Late-stage wus embryo. STM is ex-
pressed in a few apical cells.
WUS mRNA is indicated by dark brown.
*, cells of the integument show dark brown
color independently of the in situ hybridiza-
tion. c, cotyledon; v, vasculature; p, leaf pri-
mordium; sus, suspensor. Scale bars, 10 mm.

WUS Represents a Novel Type phenotypic defects (Laux et al., 1996). The less severe
wus-3 phenotype results from an amino acid exchangeof Homeodomain Proteins

Our data indicate that WUS represents a novel subtype in the N-terminal part of the homeodomain. The analysis
of mutant homeodomains has suggested that this regionof homeodomain proteins and functions as a transcrip-

tional regulator. The early nonsense mutation in wus-4 is essential for DNA binding specificity (Laughon, 1991;
Kornberg, 1993). The phenotypic defects in the wus-3indicates a complete loss of function in this allele. From

their indistinguishable phenotypes compared to wus-4, mutant may thus result from a reduced affinity of WUS
for its DNA target(s), consistent with its proposed func-we conclude that wus-1 and wus-2 also represent null

alleles, supporting the previous interpretation of their tion as a transcription factor.
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Figure 6. Model for the Role of WUS in the Shoot Meristem

WUS expression is confined to a small group of cells (striped) in
the lower part of the central zone (CZ, black frame), underneath the
L1–L3 stem cells (sc, darkly shaded) and above the rib zone (RZ),
a region of flat cells that will form the pith. WUS-expressing cells
are required to specify the overlying neighbors (arrow) as stem cells.
l, leaf; p, leaf primordium; PZ, peripheral zone.

a model in which WUS enables the cells expressing it
to function as an organizing center that confers stem
cell fate to its overlying neighbors (Figure 6).

This model suggests common mechanistic principles
between shoot and root meristems. The root meristem
contains a set of stem cells surrounding a small group
of mitotically inactive cells, the quiescent center. The
results of ablation studies suggest that the cells of the
quiescent center inhibit differentiation of neighboring
stem cells (van den Berg et al., 1997). Thus, although

Figure 5. Expression of WUS mRNA in Postembryonic Development there is ample evidence that shoot and root meristems
(A) Seedling apex. A small group of cells in the center of the shoot employ different sets of regulatory genes, in both stem
meristem, underneath the L3, expresses WUS. cells may be specified by a central organizing center.
(B) Inflorescence. In the inflorescence meristem (im), a small group of Both meristems may therefore represent modifications
central cells underneath the L3 expresses WUS. In floral meristems,

of a basic meristem organization that function in differ-stages 1 (1) and 3 (3), a small group of cells underneath the L2
ent developmental contexts to give rise to the shootexpresses WUS. Note that the expression domain in floral meristems
and the root, respectively. Our findings also suggestis shifted one cell layer upward in comparison to vegetative shoot

meristems (shown in [A]) and inflorescence meristems. The black similar mechanisms of stem cell specification in plants
line represents the plane of section shown in (C). and animals. For example, in C. elegans, the stem cells
(C) Inflorescence. Cross section through an inflorescence (im), a of the germline are maintained by signaling from a neigh-
stage 1 (1), and a stage 2 (2) floral meristem all showing WUS expres- boring somatic cell, the distal tip cell (Henderson et
sion in the center.

al., 1994). Thus, interactions between neighboring cells(D) Stage 2 flower. Strong WUS expression is detected in a cell
appear to be a common theme in how different organ-group below the L2.
isms specify the pluripotent state of stem cells. It re-(E) Stage 6 flower. Sepals (s), petal (pt), and stamen (st) primordia

are visible. WUS expression seems to be reduced compared to mains to be determined whether such cellular interac-
earlier stages as shown in (D). tions rely on similar molecular mechanisms.
(F) Stage 10 flower. Carpel primordia (ca) occupy the center of the The phenotypic defects of the respective mutants and
flower. No WUS expression is detected. the expression patterns of the genes indicate that WUS
(G) Seedling apex. Sense control. No staining detected.

and STM act at different regulatory levels in the shoot(H) Stage 2 and 3 flowers. Sense control. No staining detected.
meristem. WUS is expressed in a small subset of meri-WUS mRNA is indicated by dark brown. p, leaf primordium; pe,
stem cells and specifically affects the fate of cells inpedicel; cl, cauline leaf; s, sepal. Scale bars, 30 mm.
the meristem center. By contrast, STM is expressed
throughout the meristem dome but is downregulated in

WUS Affects Stem Cell Fate in a the incipient organ primordia (Long et al., 1996). To-
Non–Cell-Autonomous Manner gether with its antagonist CLV1, it appears to regulate
WUS expression defines a novel functional domain of the transition of cells toward differentiation and organ
the shoot meristem that has not been previously recog- formation, with STM preventing premature organ forma-
nized as a functional or morphological unit. WUS is ex- tion (Clark et al., 1996; Endrizzi et al., 1996). Thus, we
pressed in a group of cells underneath the stem cells, suggest a model in which WUS is required to specify
but not in the stem cells themselves, which appear to stem cells, while STM activity allows their progeny to

proliferate before being partitioned into organ primordia.be misspecified in the wus mutant. This finding suggests
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the WUS expression pattern suggests that both meri-
stems are in part organized differently.

Role of WUS during Embryonic Shoot
Meristem Initiation
The expression of WUS in the 16-cell embryo demon-
strates that the shoot meristem originates during early
embryonic patterning long before it can be recognized
histologically (Figure 7). Our data show that at this stage,
cell type differences along the apical-basal as well as
the radial (inner vs. outer cell layers) axes are already
established and that WUS expression responds to these
differences.

The subsequent changes in the WUS expression pat-
tern indicate that embryonic shoot meristem formation
is a prolonged dynamic process (Figure 7), the earliest
step of which may be the initiation of a group of cells
able to specify stem cells. By asymmetric cell divisions,
this ability becomes progressively directed to its pro-
spective domain of function in the embryonic shoot mer-
istem primordium. During this process, WUS could pri-
marily act in the WUS-expressing cells themselves, for
example shielding them against differentiation. Alterna-
tively, these cells could already function in a manner
similar to the situation in active meristems from the
earliest embryo stages on, conferring to overlying neigh-
bors a pluripotent state. However, although in part also
derived from the early WUS-expressing cells, the cotyle-
dons are not affected in wus mutants (Laux et al., 1996).
Likewise, the onset of STM expression in descendants
of the early WUS-expressing cells does not require WUS

Figure 7. Dynamics of the WUS Expression Pattern during Early activity. These two observations indicate that, although
Embryogenesis WUS is expressed very early in embryogenesis, its re-
Schematic representation of the WUS expression pattern at different quirement is restricted to the development of the pro-
embryo stages (left panel) and a diagram of the asymmetric cell posed organizing center and the specification of stem
divisions that lead to the localization of the WUS domain at the base

cells.of the shoot meristem primordium. WUS expression (red) is initiated
Asymmetric cell division is a well-known mechanismin the four subepidermal cells of the apical embryo region at the

to establish different cell fates. For example, in the C.16-cell stage. These cells divide longitudinally, but only the central
daughter cells continue WUS expression. Two mechanisms are de- elegans embryo, asymmetric localization of the PIE-1
picted: initially all daughter cells inherit WUS mRNA, which is subse- protein marks the germline precursor cells and prevents
quently degraded in the peripheral daughter cells, whereas the cen- their differentiation (Mello et al., 1996). In the Arabi-
tral daughters sustain WUS expression. Alternatively, WUS mRNA

dopsis root meristem, the asymmetric divisions estab-could already be distributed asymmetrically before cell division and
lishing endodermal and cortical cell layers from one setthus would be inherited by only one daughter cell. WUS-expressing
of initial cells require the activity of the SCARECROWcells eventually divide horizontally, setting up the L2 and L3 cell

layers at the late heart stage. In this case, WUS expression is con- gene, which is expressed in the initials and their endo-
fined to the basal daughter cells. The orientation of the following dermal daughters (Di Laurenzio et al., 1996). The dy-
cell division is indicated by broken lines. namic pattern of WUS expression is intriguing in this

context, because it may exemplify a more general strat-
egy of how plant embryos direct a specific cell type toDifferences in the Organization of Shoot
its appropriate position, since cell migration, whichand Floral Meristems
plays an important role in animal embryogenesis, is pre-In contrast to indeterminate shoot meristems, floral mer-
cluded in plants.istems terminate due to the recruitment of the central

cells for organogenesis. This step is preceded by a
downregulation of WUS expression, consistent with a Conclusions

The analysis of the WUS gene leads to novel conceptsrole of WUS-expressing cells in conferring stem cell fate.
It is interesting to note, however, that in floral meristems of how meristems are formed and maintained in plant

development. Our data indicate that the formation of aWUS expression is shifted up by one cell layer in com-
parison to vegetative and inflorescence meristems. shoot meristem is the outcome of a successive pat-

terning process initiated very early in embryo develop-Thus, although indeterminate shoot meristems and de-
terminate floral meristems are thought to be homolo- ment. Once the shoot meristem is established, WUS

expression defines a group of cells that function to spec-gous structures and share regulatory mechanisms (En-
drizzi et al., 1996; Laux et al., 1996; Clark et al., 1997), ify overlying neighbors as stem cells.
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Experimental Procedures 0.3% Triton X-100 in TBS), 120 ml applied to each slide with a cover
slip, and incubated for 2 hr. Slides were then washed 43 20 min
with BXT. One hundered microliters of fresh staining solution (220Mutant Lines, Growth Conditions, Histology, and Scanning

Electron Microscopy mg/ml NBT and 80 mg/ml BCIP in 100 mM Tris [pH 9.5], 50 mM
MgCl2, 100 mM NaCl) and cover slips were applied daily for 40–60wus-1, -2, and -3 were induced in the Landsberg erecta ecotype.

The isolation of wus-1 and -2 has been previously described (Laux hr. For microscopy, 50% glycerol and a cover slip were applied.
Photographs were made using a Zeiss Axiophot with Normarskiet al., 1996); wus-3 was kindly provided by Ulrike Mayer and wus-4

by Jennifer Fletcher. Plant growth conditions, histology, and scan- optics and Kodak Ektachrome 64T film. Probes were labeled using
Digoxigenin labeling mix (Boehringer) according to the manufactur-ning electron microscopy were done as previously described (Laux

et al., 1996). er’s protocol. An antisense probe from a full-length WUS cDNA
clone was generated using T7 RNA polymerase, and a sense probe
was synthesized using T3 RNA polymerase. A 200 bp probe (DraI-Molecular Cloning of WUS
XbaI) that contained neither homeobox nor putative transactivationFor RFLP mapping, 1575 plants from a cross of wus-1 to Niederzenz
domain led to similar results. In order to exclude cross hybridization(Nd-0) were examined. DNA was prepared as previously described
with other homeobox genes, we performed low-stringency Southern(Lukowitz et al., 1996). PCR fragments were subcloned using either
blot hybridization of Arabidopsis genomic DNA with WUS full-lengtha T-cloning kit (MBI Fermentas, Vilnius, Lithuania) or the pMOS Blue
cDNA as a probe. In all cases we detected only a single band,Vector kit (Amersham). We used the following YAC libraries: yUP
indicating that WUS cDNA hybridized to a single locus (data not(Ecker, 1990), CIC (Creusot et al., 1995), and EW (Ward and Jen,
shown). A detailed protocol is available upon request from the au-1990) and a pBIC20 cosmid library (Meyer et al., 1994). YAC end
thor. Protocol modified after Jackson (1991).probes were generated by modified vectorette PCR (Matallana et

al., 1992) and by TAIL-PCR (Liu and Whittier, 1995). Sequences of
CAPS markers, PCR reaction conditions, and primers suitable for Computer Analysis and Image Processing
yUP, CIC, and EW-YACs are available upon request from the author. Predictions of the secondary structure were made using the Mac-
The primer pair 59-TCT CTT GTT CCT CTC TAA GTC TTG-39 and Vector software (Kodak Scientific Imaging Systems, New Haven,
59-CAT AGT TGT GAA CAT ACG AGT ACG-39 was used to amplify CT). Database searches were done using the BLAST and BEAUTY
the WUS genomic sequence of the mutant alleles. For each allele algorithms (Altschul et al., 1990; Whorley et al., 1995). A Neighbor-
two products from independent PCR reactions were subcloned and hood-joining dendrogram was created using the complete-deletion
sequenced. option with the MEGA 1.01 program (Kumar et al., 1994). Image

processing was done using the Adobe Photoshop program (Adobe
Complementation of wus-1 Systems Inc., Mountain View, CA).
wus-1/WUS plants were crossed twice into the Ws-2 background.
Cosmids containing parts of the WUS genomic region were trans-

Acknowledgmentsformed into Agrobacterium tumefaciens strain AGL1, and homozy-
gous wus-1 root explants were transformed as described (Valvekens

We thank Rita Groß-Hardt and Dagmar Neubüser for help with se-et al., 1988).
quencing the wus alleles and Tim Golds for help with nuclear local-
ization experiments. We are grateful to Knut Meyer, Elliot Meyero-59-RACE-PCR
witz, Detlef Weigel, José Martinez-Zapater, and the Ohio Stock59-RACE-PCR was performed with a 59-39-RACE-Kit (Boehringer
center for providing material and information for the cloning of WUS,Mannheim) according to the manufacturer’s instructions. Primers
and to Ulrike Mayer and Jennifer Fletcher for providing seeds. Weused for reverse transcription and PCR reactions were as follows:
thank Jeff Dangl, Elliot Meyerowitz, Kathrin Schrick, and members59-GCC TTA TGG TTC TGG AAC CAG-39, 59-CTC AAT CTT TCC
of the Laux laboratory for helpful comments on the manuscript. ThisGAA CTG TCT CAG CC-39, and 59-TGA TCG GCT GTT GGT GAC
study has been supported by grants from the Deutsche Forschungs-CGG-39.
gemeinschaft to T. L., by a Leibniz award to G. J., and by stipends
from the Konrad Adenauer Stiftung to H.S. and from the BoehringerTransient Transformation of Onion Epidermis Cells
Ingelheim Fonds to M. L.The construct for transient expression was generated by inserting

a PCR-amplified WUS cDNA fragment comprising the full-length
coding region in-frame with the GUS reporter gene moiety into the Received July 7, 1998; revised October 27, 1998.
vector pNT160 in place of the Ac moiety (Boehm et al., 1995). For
the negative control, the Ac moiety was excised from pNT160 and
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