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ABSTRACT

Although most aspects of vascular tissue patterning
remain elusive, the alignment of vascular cells into
continuous strands is becoming amenable to mo-
lecular genetic analysis. Recent data are consistent
with an apical-basal signal-flow model underlying
vascular strand formation, but also body axis forma-
tion in embryos. Directional, top-down auxin flow
could set up a basic axial coordinate system upon
which a second tier of patterning cell interactions
could elaborate the cell patterns in embryos and
meristems. Most of these pattern-elaborating activi-
ties may still be unknown, but recent examples il-
lustrate how inward-out signaling from the center

could regulate the development in the overlying tis-
sue layers, relative to the position of vascular tissue.
A two-tiered control of cellular patterns, in which
fine-tuning cell interactions generate a reproducible
cell pattern on the basis of an underlying robust,
feed-back stabilized axial architecture, could also ac-
count for the amazing pattern regeneration capaci-
ties of embryos and meristems.

Key words: Auxin; Embryo pattern formation; Po-
lar auxin transport; Root meristem; Shoot meristem;
Vascular development

INTRODUCTION

The formation of vascular tissues expanded the ar-
chitectural options of plant life. It allowed plants to
generate rigid bodies of enormous size with reliably
connected specialized organs in remote terminal po-
sitions. Now emerging molecular insights into plant
patterning processes bear the promise of under-
standing the integrated development of vascular
plants and their vascular systems in mechanistic de-
tail.

In the past years, plant vascular tissue research
has made great progress, which is reflected in recent
reviews on anatomical, physiological, cell biological,

Online publication 7 June 2001
*Corresponding author; e-mail: berleth@botany.utoronto.ca

14

and developmental aspects of vascular development
(Nelson and Dengler 1997; Fukuda 1997a, b; Sachs
2000; Berleth and others 2000; Dengler and Kang
2001). An unresolved issue to be discussed is the
possible relationship between vascular and overall
body patterning, which is reflected in at least two
observations: First, mutations disrupting directional
growth—in the formation of the embryo axis or in
the establishment of new growth axes—usually also
interfere with vascular strand formation, suggesting
common axial cues. Second, there is an increasing
number of examples in which vascular tissues seem
to serve as sources for positional information direct-
ing the patterning in overlying tissues. This review
will first provide a brief summary of recent genetic
approaches towards the identification of vascular
patterning genes with a short summary of findings
on apical-basal (top-down) signaling in axis forma-
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tion. It will then discuss the question of whether
there is also an inside-out directionality, through
which vascular-derived signals direct the develop-
ment of other tissues. The subject of this discussion
will be restricted to a few recent publications; the
larger context can be found in the reviews listed
above.

VASCULAR PATTERN (GENES

Over many years, vascular mutants had been found
serendipitously in a variety of plant species, and
only recently, systematic screens for mutants with
abnormal leaf vascular patterns have been intro-
duced in Arabidopsis (Carland and others 1999; Dey-
holos and others 2000; Koizumi and others 2000).
Up to 10 new genes implicated in the promotion of
vascular continuity, proper structure of vascular
bundles, and vascular cell biology may have been
identified in these screens, and the forthcoming
years will probably reveal whether some of these
genes have genuine functions in vascular tissue pat-
terning. This will require integrated phenotypic and
molecular studies as there are already examples that
weak allele mutations in genes with more general
roles can create the impression of a vascular specific
gene function (Carland and McHale 1996; Cnops
and others 2000; Zhong and Ye 1999; Ratcliff and
others 2000). With recent mutant screens in Arabi-
dopsis approaching saturation, the persistent scarcity
of vascular mutants needs to be explained and could
be due to (a) early lethality of vascular defective
individuals, (b) redundancy in gene function, or (c)
low genetic complexity of the genuine vascular pat-
terning process.

Each of the three interpretations may explain to
some extent the small number of identified Arabi-
dopsis vascular pattern mutants. Severe vascular de-
fects are conceivably lethal however, (a) one could
argue that some of the screens were performed at
the seedling stage, and vascular function seems to be
dispensable during embryogenesis (see below). Fur-
ther, (b) widespread redundancy of gene function
has indeed turned out to pose severe problems to
genetic analysis in most model species (Miklos and
Rubin 1996), but there is no reason to suspect that
vascular functions are so exceedingly redundant
that hardly any mutants can be found. Thus, (c) we
may have to consider the possibility that, at least in
Arabidopsis, there may not be very many specific vas-
cular (strand) pattern genes. Rather, vascular strand
patterns (this is what is monitored in current mutant
screens) could be inextricably linked to body pattern
formation principles. This would limit the number of
specific vascular pattern genes that can be identified

at vegetative stages, but should be revealed by the
identification of embryo mutants with correlated
vascular and body axis defects. As will be discussed
below, the latter class of mutants has indeed been
identified and their properties support the notion of
a dominating influence of an apical-basal signal flow
in setting up the pattern of vascular strands along
the main axis of the plant (Figure 1).

THE APICAL-BASAL SIGNAL-FLOW MODEL

The concept of a dominating influence of an apical-
basal (top-down) signal flow was proposed many
years ago by Tsvi Sachs, based on vascular and organ
regeneration experiments (Sachs 1981, 1991). Cen-
tral to its explanatory power is its ability to account
for the enormous plasticity of plant development
and for the capacity of plant cells to generate bio-
logically meaningful cell patterns in multiple ways.
These adaptive capacities exclude rigid pattern speci-
fication mechanisms and suggest that result-
controlled feed-back mechanisms form the basal
most level of the pattern-forming process. The signal
flow interpretation considers axis formation as a ba-
sic principle in higher plant pattern formation. The
axis is formed by alignment of cell differentiation
with the axis of an apical-basal signal flow, further
elaborated by differential conductivity leading to
vascular differentiation along the preferred routes of
signal flow and, eventually, the initiation of root
meristems at basal sites of signal accumulation (Fig-
ure 1E). Stable, feed-back mechanisms are thought
to reestablish apical-basal polarity, a directional sig-
nal flow, and the selection of routes of vascular dif-
ferentiation even after major distortions (Sachs
1981). What could be the cell biological nature of
these feedback controls? This question can only be
answered by detailed cell biological and molecular
studies in the future. Present and past models serve
the mere purpose of highlighting the need for such
controls to explain the self-adjusting abilities of em-
bryonic, meristematic, and vascular patterns. In its
most basic form a directional signal flow through
each cell could occur via specific import and export
molecules in the plasma membrane. If the flow of
the signal positively influences the polar position (at
opposite poles of the cells) and abundance of these
molecules, once established apical-basal polarity
would be reinforced and, by restricting the flow to
preferred channels, different cell identities in the ra-
dial dimension could be established (Figure 1E).
Biological patterns are usually not generated
through the minimal number of molecules predicted
in computer models and therefore even these basic
feedback controls may involve an amazingly com-
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Figure 1. Embryo axis formation
and vascular continuity. (A-D) Cell
patterns in triangular stage embryos
(top) and schematic seedling patterns
(bottom). Lines in seedlings A to C
symbolize continuous vascular
strands, dark dots in D isolated, ran-
domly oriented vascular cells. (A, B)
Early embryo cell patterns of Arabi-
dopsis are normally invariable (A,
provascular tissue in grey), but mu-
tants (B to D) demonstrate that the
patterning cues underlying the basic
axial organization of the seedling op-
erate irrespective of cell patterns in
e early embryos. For example, muta-
- A B C D E tions in the FASS gene distort cell di-
mensions and result in irreproduc-
ible, chaotic cell patterns in early em-
bryos, from which, however, functional seedlings develop (B). These are short and stout, but all major tissues are
functional and properly positioned. Numerous mutations, affecting primarily cell shape, confirm the independence of
embryo axis formation from the appearance of defined cell patterns during early embryo development (drawn after Torres
and Juergens 1994). (C, D) The axial patterning mechanism could involve the apical-basal flow of auxin (E), which has
also been implicated in the formation of vascular strands. This interpretation is supported by the phenotypes of Arabidopsis
mutants, which suggest that auxin perception and auxin transport are essential for both embryo axis formation and
vascular strand formation. In mutants of the ‘auxin response’ transcription factor MP (C), auxin-dependent vascular strand
formation is reduced and the oriented cell differentiation initiating the formation of the hypocotyl-root body axis is
missing. Mutations in the gene EMB30/GN (D) interfere with the vesicle-transport dependent polar localization of the
presumptive auxin efflux carrier component AtPIN1. Mutant seedlings may completely lack apical-basal polarity and
vascular cells remain randomly oriented (drawn after Mayer and others 1993; Berleth and Juergens 1993). (E) Highly
schematic illustration of a feedback-stabilized axial pattern. Rectangles represent cells, the signal being produced either in
all cells, or predominantly in apical cells (red/dark grey), leading to preferred route (grey) of signal flow (arrows), which
can be associated with overt cell differentiation (red/dark grey cell walls) and root differentiation at positions of signal
accumulation (black). A self-reinforcing signal flow could result from a feedback mechanism, in which flow enhances the
signal conductivity of cells. If the conductivity is unidirectional (through localized influx and efflux mechanisms in
individual cells) this would stabilize polarity and, by gradually enhancing initial conductivity differences among cells
(numbers of arrows), generate a crude radial pattern (drawn after Sachs 1991). Colors/grey values refer to online/print
versions of images, respectively.

plex cellular machinery. Nevertheless, many find-
ings in recent years support the notion of a robust,
basic patterning mechanism that is intimately linked
to polarity, axis formation, and vascular differentia-
tion in continuous strands, and may therefore con-
stitute entries to molecular genetic analyses. Al-
though the often debated chemical identity of the
flowing signal is not an essential component of the
signal flow concept, most of the recent findings sup-
port the idea of auxin (IAA) being the apical-basally
transported signal substance. These findings are con-
sistent with a scenario, in which feedback-stabilized
polar auxin flow establishes a coarse axial coordi-
nate system that serves as an underlying scaffold for
fine-tuning tissue patterning processes. This two-
tiered control could account for the amazing adap-
tive capacities of plant cell patterns.

AprIicAL-BASAL SIGNALING IN EMBRYOS

Early Arabidopsis embryogenesis is characterized by
the apparent paradox of reproducibility and flexibil-
ity. Under normal circumstances, early cell divisions
in Arabidopsis embryos are perfectly reproducible,
however, Arabidopsis mutants as well as embryo cul-
ture experiments demonstrate that this high degree
of order is largely gratuitous (Laux and Juergens
1997; Berleth 1998). If embryos are forced to aban-
don this strict path of cell divisions, for example, due
to altered cell dimensions or experimental manipu-
lation, they are able to normalize development even
from extremely distorted cellular patterns (Figure
1B). This observation implies that basic features of
embryo architecture are signaled irrespective of cell
arrangements. Most interestingly, it follows that it
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should be possible to classify mutants with highly
distorted early embryonic cell patterns by the crite-
rion of whether or not their development is read-
justed at subsequent embryonic stages. Where this is
the case, mutations seem not to affect basic pattern-
ing mechanisms (Figure 1B), as opposed to a minor-
ity of mutations which cause lasting characteristic
pattern distortions, which may even be observed in
tissue culture or at postembryonic stages (Figures
1C, D). Conceivably, the high degree of order ob-
served in normal development should require addi-
tional cellular interactions, most of which are pres-
ently not genetically defined. However, the extreme
flexibility of manipulated embryo development sug-
gests that these cell interactions comprise only the
‘fine-tuning’ layer of a two-tiered mechanism of
embryo pattern control. Beneath these precise cues,
there seems to be a rather coarse coordinate system,
which remains intact even in embryos with highly
distorted cell arrangements.

The last 5 years have generated some evidence as
to the molecular cues establishing a coarse axial co-
ordinate system. One of its principal elements is api-
cal-basal polarity and a common axial orientation of
cells along the apical-basal axis. In Arabidopsis, there
seems to be a class of mutants with generally im-
paired capacities to align cell differentiation with the
apical-basal axis. In embryos of the monopteros (mp)
mutant, cells remain isodiametric and hardly any
provascular tissue is formed (Berleth and Juergens
1993). Mutations in MP do not seem to be associated
with general cellular abnormalities, but the axis for-
mation defect persists not only through embryogen-
esis, but is also reflected in vascular continuity de-
fects in vegetative organs (Przemeck and others
1996). Tests revealed reduced auxin transport ca-
pacity and impaired auxin-induced adventitious
root formation in mp mutant tissue. Consistent with
a function in auxin signaling, the MP gene turned
out to encode an Auxin Response Factor (Hardtke
and Berleth 1998). Auxin Response Factors consti-
tute a family of Arabidopsis transcription factors that
can bind to conserved ‘auxin-response elements’ in
the promoters of auxin-inducible genes and confer
rapid auxin-dependent transcriptional regulation
(Guilfoyle and others 1998). More recently, two
new mutants, bodenlos (bdl) and auxin resistant 6
(axr6), with strikingly similar embryonic and vascu-
lar defects have been isolated (Hamann and others
1999; Hobbie and others 1999). Although the re-
spective gene products remain to be identified, the
auxin-insensitivity of both mutants suggests func-
tions in auxin signal transduction.

Mutant embryos of the mp, bdl, axr6 class fail to
form the apical basal cell files that give rise to the

hypocotyl, but retain some axial organization in the
apical domain of the embryo. Although the basal
embryo domain is most affected in those mutants,
the genes may have functions throughout the em-
bryo. MP is expressed in apical as well as basal po-
sitions (Hardtke and Berleth 1998) and in double
mutants of mp and bdl, directional growth is abol-
ished throughout the embryo (Hamann and others
1999). Therefore, the formation of the hypocotyl
may be particularly sensitive, but eventually direc-
tional growth in the entire embryo seems to depend
on auxin signaling. Interestingly, a single mutation
that can abolish all axial cell elongation in the em-
bryo has recently been identified in the Arabidopsis
gene encoding the Auxin-Binding-Protein 1 (ABP1)
(Chen and others 2001). Mutant embryos develop
normally up to the early globular stage. From then
on, they continue to grow in size for a little while,
but fail to produce files of elongated cells. Eventu-
ally, they become arrested at the late globular stage.
Auxin binding and other properties of ABP1 have
been characterized extensively (summarized in Ve-
nis and Napier 1995) and overexpression of the
ABPI gene in tobacco leaf strips resulted in increased
auxin-mediated cell expansion (Jones and others
1998), raising the possibility that ABPI encodes an
auxin receptor. Because ABP1 seems to be a unique
gene in Arabidopsis, it will be extremely interesting
to see whether and to what extent the abpl mutant
tissue is impaired in auxin responses and whether
the ABPI gene is primarily involved in controlling
cell elongation or axis-oriented differentiation.
Although the above genes may act in auxin signal
transduction, Arabidopsis genetic analysis also pro-
vides candidate genes for functions in auxin trans-
port. The Arabidopsis PIN FORMEDI (AtPIN1 or PINI)
gene is believed to encode a component of polar
auxin efflux carriers (Galweiler and others 1998)
and the EMB30/GN gene encodes a guanosine nucle-
otide exchange factor involved in vesicle formation,
which in turn seems to be critical for the coordinated
polar localization of the PINI protein (Steinmann
and others 1999). PINI is a member in a large gene
family, raising the possibility that some other mem-
bers have overlapping functions in auxin transport
and cell polarization. EMB30/GN gene activity could
be required for the proper polar localization of sev-
eral proteins of the PIN family, which could explain
why emb30/gn mutants display vascular defects far
more severe than those in pinl mutants. Vascular
cells in emb30/gn mutants are disconnected and not
aligned along an axis (Figure 1D). In extreme cases,
emb30/gn embryos are completely apolar, resembling
Brassica juncea embryos grown in the presence of
auxin transport inhibitors (Mayer and others 1993;
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Figure 2. Control of apical meristem

cell patterns through activities in the
( center. (A) The position of a maximum
auxin response (auxin ‘peak’), in nor-
mal development at the position of the
columella initials (brown, dark grey),
influences the pattern in the entire dis-
tal root. When the position of this
‘peak’ is altered (by mutation or inhi-
bition of auxin transport), correspond-
ing changes of cell patterns in the root
meristem are observed, suggesting an
instrumental role of auxin in root mer-
istem patterning. Auxin could be de-
rived from the shoot through the vas-
cular cylinder (blue, shaded). (Sabatini
and others 1999). Pink/grey: quiescent
center cells; light orange/light grey: col-
umella. (B) The SHR gene is expressed
exclusively in the vascular cylinder
(blue/shaded), but its activity is required for the expression of SCR in the adjacent cortical initials and in the endodermis
(SCR expression domain, yellow/very lightly shaded). SCR acts downstream of SHR and is required for the periclinal
divisions of ground tissue initials to produce two-layered ground tissue and, possibly, for maintaining endodermis identity
in the inner ground tissue layer. Ectopic overexpression of SHR leads to SCR expression throughout the outer layers and
unscheduled cell division and specification (reference: Helariutta and others 2000). (C) WUS expression is already detect-
able in apical, subepidermal positions in the embryo (red/dark grey cell; top) and is continuously expressed in the
quiescient center of the shoot meristem (bottom). WUS acts positively on the activity of several layers of stem cells, from
where a counteracting signal through the CLV pathway restricts WUS expression. Ectopic WUS expression demonstrates
that WUS is sufficient to promote cell division throughout the meristem. The positive regulators positioning WUS expres-
sion domain relative to preexisting tissue are not known (drawn after Schoof and others 2000; for details and further
references see text). (green, leaf primordia; grey, pz, peripheral zone; orange, cz, central stem cell zone; blue, central rib

A

zone, producing the pith). Colors/grey values refer to online/print version of images, respectively.

Hadtfi and others 1998). In summary, for an increas-
ing number of genes, phenotypic and molecular fea-
tures are consistent with functions in perception or
transport of an apical-basally transported auxin sig-
nal (reviewed in further detail Berleth and others
2000). Mutations in these genes seem to affect co-
ordinated cell differentiation at various stages of de-
velopment. Unlike mutations affecting unrelated
cell parameters, these defects are not normalized in
later development, suggesting that they affect the
establishment of a basic coordinate system in em-
bryo development.

INSIDE-OUT SIGNALING IN THE
RooT MERISTEM

A polar signaling mechanism along the apical-basal
axis could serve as a mere vectorial input, aligning
cell differentiation events with the axis of auxin
flow. However, there are indications that in root api-
cal meristems, signals originating from the vascular
center impinge on patterning in overlying tissue lay-
ers. Just as in the embryo as a whole, the Arabidopsis
root meristem (embryonic as well as postembryonic)

is characterized by both reproducibility and flexibil-
ity, which could again reflect a two-tiered patterning
mechanism. The promoting influence of auxin on
root meristem formation is well established and fur-
ther supported by the failure of axré6, bdl and mp
mutants to initiate a primary root in the early em-
bryo. The expression pattern of an ‘auxin-response’-
reporter gene used in a new study seems to provide
a molecular explanation for the auxin-dependence
of root meristem initiation, but it also reveals a role
of auxin as a positional signal in meristem pattern-
ing (Sabatini and others 1999). A particular syn-
thetic ‘Auxin Response’ element genuinely reflected
auxin distribution and was therefore used to moni-
tor the distribution of ‘perceived” auxin in the grow-
ing root. A local auxin perception maximum (‘auxin
peak’), which is normally positioned just distal to
the quiescient center (QC) in normal root develop-
ment, was manipulated in size and position by in-
terference with auxin perception and auxin trans-
port. Any shift in the localization of this peak was
found to be associated with correlated shifts in the
pattern of distal cell fates in the root meristem (Fig-
ure 2A). Most strikingly, long-term inhibition of
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auxin transport through the auxin efflux inhibitor
NPA generated a centrally positioned auxin peak,
flanked on either side by inversely polarized root
segments. In conclusion, manipulations of the posi-
tion of the auxin peak by various methods were
associated with corresponding changes in the cellu-
lar pattern, suggesting that auxin distribution has an
instrumental role in root meristem patterning be-
yond the vascular system (Figure 2A). Auxin-
dependent specification of meristem cell fates by a
centrally positioned ‘organizer’ also makes sense
from the perspective of a signal coordinating shoot
and root development (discussed in Berleth and
Sachs 2001). In normal plant development, the peak
is located at the distal end of the vascular cylinder
and its formation would probably depend on shoot-
derived auxin. Shoot and root development could
thereby be coordinated by a long-range auxin signal,
resulting in a localized response, which simulta-
neously constitutes the initial cue to trigger pattern-
ing cell interactions in the entire distal root (Figure
24).

Arabidopsis embryo and meristem patterning has
been studied for years. If auxin has a fundamental
role in these processes, why is it that this influence
has not been revealed earlier? For example, it may
be surprising that the identification of tissue-specific
patterning functions in the root meristem preceded
the observation of an organizing role of auxin. How-
ever, it seems that this sequence of discovery reflects
the normal course of genetic analysis. At an early
stage of investigation, highly specific defects, which
are usually of intermediate severity, can most easily
be discerned, whereas the interpretation of severe,
often pleitropic distortions as well as the identifica-
tion of subtle defects are less obvious and therefore
follow at a later stage.

In roots, most of the early-discovered root pattern
mutations affect the number and identity of indi-
vidual root tissue layers (reviewed in Heidstra and
Scheres 1999). Now, molecular details are being
added and reveal an interesting directionality in the
flow of patterning information. Two GRAS domain
transcription factors, SHORT ROOT (SHR) and
SCARECROW (SCR), are required for the formation
of double-layered ground tissue in the root (Scheres
and others 1995; Di Laurenzio and others 1996;
Helariutta and others 2000). SHR seems to act up-
stream of SCR, as its activity is required for SCR ex-
pression, but not vice versa (Helariutta and others
2000). In the double mutant as well as in si#r mu-
tants only a single layer of ground tissue is formed
and this layer has the characteristics of the outer,
cortical layer. SHR but not SCR gene activity is re-
quired for the expression of endodermal markers in
this single ground tissue layer. However, it requires

the activity of both genes to ensure separation of the
two tissue layers through an unequal division of a
common initial and to suppress cortical markers in
the inner of the two layers, thereby establishing two
layers of different identity (Figure 2B). If it takes the
hierarchy of at least two genes to carve out a sepa-
rate endodermis tissue layer from a cortical ground
state, with SCR being expressed in the endodermis
under SHR control, where is SHR expressed? If it
were also expressed in the endodermis (or in the
single ground tissue layer in both mutants), how
could this expression impose radial polarity to sepa-
rate the two layers? Recent molecular analysis dem-
onstrates that SHR is expressed exclusively in the
stele, where it does not seem to have any function.
Further, ectopic expression of SHR is sufficient to
induce unscheduled cell proliferation and inappro-
priate cell specification in the outer layers of the root
meristem. Thus, in normal development, the restric-
tion of SHR expression to the vascular cylinder is
instrumental for the non-cell-autonomous control
of ordered development in the two overlying tissue
layers. This observation provides further molecular
evidence for the control of tissue patterns beyond
the vascular system through a centrally expressed
gene.

INSIDE-OUT SIGNALING IN THE
SHOOT MERISTEM

Apical meristems are amazing stem cell populations
because they have to maintain their overall cell pat-
tern, despite the fact that the individual cells are
continuously displaced from the center to the pe-
riphery. Maintaining the balance between pools of
proliferating and differentiating cells is particularly
critical in the shoot meristem, where differentiation
in the periphery involves the formation and posi-
tioning of new organs. Depletion of the proliferative
cell pool would terminate meristem activity,
whereas its extreme enlargement would distort spa-
tial dimensions and organ positioning. As with the
cell patterns in embryos and roots, the shoot mer-
istem zonation seems to be highly flexible, capable
of readjusting after even extreme experimental dis-
tortion. The genes crucial for this readjustment pro-
cess should be revealed by mutants with character-
istic shifts in the balance between proliferating and
differentiating cell pools. These types of genes have
been identified and their genetic and molecular
characterization has been summarized in a number
of excellent reviews (Lenhard and Laux 1999;
Waites and Simon 2000; Clark 2001). Briefly, a
single gene WUSCHEL (WUS) has been identified to
be essential for maintaining the proliferating stem
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cell pool, whereas at least three genes (CLAVATA 1,
2, 3) interact to generate a counteracting activity,
limiting meristem size (Figure 2C). CLVI encodes a
receptor kinase (Clark and others 1997) expressed in
the center of the meristem and CLV3, its ligand, is
produced by cells at the meristem surface on top of
the CLV1 expression domain (Fletcher and others
1999; Trotochoud and others 2000). CLV signaling
and the activity of the WUS transcription factor
(Mayer and others 1998) influence each other and
form a feed-back control mechanism that maintains
the balance between proliferating and differentiat-
ing cell pools. Interestingly, however, WUS activity
is sufficient to overcome all counteracting activities
and can induce proliferation throughout the apical
dome, when ubiquitously overexpressed (Brand and
others 2000; Schoof and others 2000). Further, WUS
is not expressed in the proliferating cells themselves,
but in the nearly quiescent center of the shoot mer-
istem, from where it seems to influence the behavior
of the distal proliferating cells (Figure 2C). Proper
positioning of the WUS activity can be considered
the defining step in the positioning of a shoot mer-
istem, but at present, it is not known what specifies
the position of the WUS expression domain in its
normal subapical position on top of each shoot axis.
There might be numerous inputs into the regulation
of WUS, as suggested by its negative control through
the CLV pathway and its dynamic embryonic expres-
sion. Nevertheless, the mechanism that maintains
the stable association of the WUS expression domain
with the center of a shoot growth axis and the di-
rectionality of WUS action itself suggests ways
through which signals from the center could direct
development of overlying tissues.

CONCLUSIONS

Vascular tissues are fascinating because of many of
their features. Their anatomy and physiology form
an amazing chapter in its own right and mechanisms
underlying their beautiful ramified patterns in
leaves will continue to challenge developmental and
molecular biologists. The most recent observations
in embryo, meristem, and auxin signal transduction
research converge to support earlier models,
whereby vascular tissue continuity and the overall
axial organization of the plant are based on the cell
biological interpretation of the same polarly trans-
ported signal, which might be IAA. The body pattern
of a plant is clearly more than a mere axis and the
genetic complexity underlying the three-
dimensional patterning in embryos and meristems
may go far beyond our expectations. The basic axial

organization, possibly through signals derived from
vascular tissues, could nevertheless form the an-
choring coordinate system for these patterning ac-
tivities, and recent research has revealed possible
examples. In several instances, crucial activities suf-
ficient to trigger downstream events in meristem
patterning have to be strictly confined to defined
central positions and could therefore use the axial
architecture of the vascular system as a positional
reference. The speculative nature of all implicated
molecules remains to be emphasized. Successive
molecular models can be expected for the near fu-
ture and should be evaluated by their ability to ex-
plain the outlined developmental correlations.

ACKNOWLEDGMENTS

I would like to thank Jim Mattsson, Steve Chatfield,
and Nancy Dengler for many valuable suggestions
on the manuscript.

REFERENCES

Berleth T, Jiirgens G. 1993. The role of the MONOPTEROS gene
in organising the basal body region of the Arabidopsis embryo.
Development 118:575-587.

Berleth T. 1998. Experimental approaches to Arabidopsis Em-
bryogenesis. Plant Physiol Biochem 36:69-82. DOI: 10.1016/
S0981-9428(98)80092-2

Berleth T, Mattsson J, Hardtke CS. 2000. Vascular continuity and
auxin signals. Trends Plant Sci 5:387-393. DOIL: 10.1016/
S1360-1385(00)01725-8

Berleth T, Sachs T. 2001. Plant morphogenesis: long-distance co-
ordination and local patterning. Curr Opin Plant Biol 4:57-63.

Brand UC, Fletcher J, Hobe M, Meyerowitz EM, Simon R. 2000.
Dependence of stem cell fate in Arabidopsis on a feedback loop
regulated by CLV3 activity. Science 289:617-619. DOI:
10.1126/science.289.5479.617

Carland FM, Berg BL, FitzGerald JN, Jinamornphongs S, Nelson
T, Keith B. 1999. Genetic regulation of vascular tissue pattern-
ing in Arabidopsis. Plant Cell 11:2123-2137.

Carland FM, McHale NA. 1996. LOP1: a gene involved in auxin
transport and vascular patterning in Arabidopsis. Development
122:1811-1819.

Chen J-G, Ullah H, Young JC, Sussman MR, Jones AM. 2001.
ABPI is required for organized cell plongation and division in
Arabidopsis. Genes Dev 15:902-911.

Clark SE. 2001. Meristem: start your signaling. Curr Op Plant Biol
4:28-32.

Clark SE, Williams RW, Meyerowitz EM. 1997. The CLAVATA1
gene encodes a putative receptor kinase that controls shoot and
floral meristem size in arabidopsis. Cell 89:575-585.

Cnops G, Wang X, Linstead P, Van Montagu M, Van Lijsebettens
M, Dolan L. 2000. TORNADO1 and TORNADO?2 are required
for the specification of radial and circumferential pattern in the
Arabidopsis root. Development 127:3385-3394.

Dengler N, Kang J. 2001. Vascular patterning and leaf shape. Curr
Opin Plant Biol 4:50-56.

Deyholos M, Cordner G, Beebe D, Sieburth L. 2000. The
SCARFACE gene is required for cotyledon and leat vein pat-
terning. Development 127:3205-3213.



Vascular and Embryo Patterning 21

DiLaurenzio L, Wysockadiller J, Malamy JE, Pysh L, Helariutta Y,
Freshour G, Hahn MG, Feldmann KA, Benfey PN. 1996. The
SCARECROW gene regulates an asymmetric cell division that
is essential for generating the radial organization of the Arabi-
dopsis root. Cell 86:423-433.

Fletcher JC, Brand U, Running MP, Simon R, Meyerowitz EM.
1999. Signaling of cell fate decisions by CLAVATA3 in Arabi-
dopsis shoot meristems. Science 283:1911-1914. DOI:
10.1126/science.283.5409.1911

Fukuda H. 1997a. Tracheary element differentiation. Plant Cell
9:1147-1156.

Fukuda H. 1997b. Xylogenesis: initiation, progression, and cell
death. Ann Rev Plant Physiol Plant Mol Biol 47:299-325.

Galweiler L, Changhui G, Muller A, Wisman E, Mendgen K, Ye-
phremov A, Palme K. 1998. Regulation of polar auxin trans-
port by AtPIN1 in Arabidopsis vascular tissue. Science
282:2226-2230.

Guilfoyle T, Hagen G, Ulmasov T, Murfett J. 1998. How does
auxin turn on genes? Plant Phys 118:341-347.

Hadfi K, Speth V, Neuhaus G. 1998. Auxin-induced developmen-
tal patterns in Brassica juncea embryos. Development
125:879-887.

Hamann T, Mayer U, Jirgens G. 1999. The auxin-insensitive
bodenlos mutation affects primary root formation and apical-
basal patterning in the Arabidopsis embryo. Development
126:1387-1395.

Hardtke CS, Berleth T. 1998. The Arabidopsis gene MONOPTEROS
encodes a transcription factor mediating embryo axis forma-
tion and vascular development. EMBO J 17:1405-1411. DOI:
10.1093/emboj/17.5.1405

Helariutta Y, Fukaki H, Wysocka-Diller J, Nakajima K, Jung J,
Sena G, Hauser M.-T, Benfey PN. 2000. The SHORT-ROOT
gene controls radial patterning of the Arabidopsis root through
radial signaling. Cell 101:505-517.

Hobbie L, McGovern M, Hurwitz LR, Pierro A, Liu NY, Bandyo-
padhyay A, Estelle M. 1999. The axr6 mutants of Arabidopsis
define a gene involved in auxin response and early develop-
ment. Development 127:23-32.

Jacobs WP. 1952. The role of auxin in differentiation of xylem
around a wound. Amer J Bot 39:301-309.

Jones AM, Im K-H, Savka MA, Wu M-J, DeWitt NG, Shillito R,
Binns AN. 1998. Auxin-dependent cell expansion mediated by
overexpressed auxin-binding protein 1. Science 282:1114-
1117.

Koizumi K, Sugiyama M, Fukuda H. 2000. A series of novel mu-
tants of Arabidopsis thaliana that are defective in the formation
of continuous vascular network: calling the auxin signal flow
canalization hypothesis into question. Development 127:3197—
3204.

Laux T, Jurgens G. 1997. Embryogenesis: a new start in life. Plant
Cell 9:989-1000.

Lenhard M, Laux T. 1999. Shoot meristem formation and main-
tenance. Curr Opin Plant Biol 2:44-50. DOIL: 10.1016/S1369-
5266(99)80009-0

Lomax TL, Muday GK, Rubery PH. 1995. Auxin transport plant
hormones: physiology, biochemistry, and molecular biology.
In: P.J. Davis, editor. Dordrecht: Kluwer Academic Publishers.
p 509-530.

Mattsson J, Sung RZ, Berleth T. 1999. Responses of plant vascular

systems to auxin transport inhibition. Development 126:2979—
2991.

Mayer K, Schoof H, Haaecker A, Lenhard M, Jurgens G, Laux T.
1998. Role of WUSCHEL in regulating stem cell fate in the
Arabidopsis shoot meristem. Cell 95:805-815.

Mayer U, Buttner G, Jurgens G. 1993. Apical-bassal pattern for-
mation in the Arabidopsis embryo: studies on the role of the
gnom gene. Development 117:149-162.

Miklos GLG, Rubin GM. 1996. The role of the genome project in
determining gene function: insights from model organisms.
Cell 86:521-529.

Nelson T, Dengler N. 1997. Leaf vascular pattern formation. Plant
Cell 9:1121-1135.

Przemeck GKH, Mattsson J, Hardtke CS, Sung ZR, Berleth T.
1996. Studies on the role of the Arabidopsis gene
MONOPTEROS in vascular development and plant cell axial-
ization. Planta 200:229-237.

Ratcliffe OJ, Riechmann JL, Zhang JZ. 2000. INTERFASCICULAR
FIBERLESSI is the same gene as REVOLUTA. Plant Cell
12:315-317.

Sabatini S, Beis D, Wolkenfeit H, Murfett J, Guilfoyler T, et al. An
auxin-dependent distal organizer of pattern and polarity in the
Arabidopsis root. Cell 99:463-472.

Sachs T. 1981. The control of the patterned differentiation of
vascular tissues. Adv Bot Res 9:152-262.

Sachs T. 1991. Cell polarity and tissue patterning in plants. De-
velopment (Suppl 1):83-93.

Sachs T. 2000. Integrating cellular and organismic aspects of vas-
cular differentiation. Plant Cell Physiol 41:649-656.

Scheres B, Dilaurenzio L, Willemsen V, Hauser MT, Janmaat K,
Weisbeek P, Benfey PN. 1995. Mutations affecting the radial
organisation of the Arabidopsis root display specific defects
throughout the embryonic axis. Development 121:53-62.

Scheres B, Heidstra R. 1999. Digging out roots: pattern formation,
cell division and morphogenesis in plants. Curr Top Dev Biol
45:207-247.

Schoof HML, Haecker A, Mayer KFX, Jurgens G, Laux T. 2000.
The stem cell population of Arabidopsis shoot meristems is
maintained by a regulatory loop between the CLAVATA and
WUSCHEL genes. Cell 100:635-644.

Sieburth LE. 1999. Auxin is required for leaf vein pattern in Ara-
bidopsis. Plant Phys 121:1179-1190.

Steinmann T, Geldner N, Grebe M, Mangold S, Jackson CL, Paris
S, Galweiler L, Palme K, Jurgens G. 1999. Coordinated polar
localization of auxin efflux carrier PIN1 by GNOM ARF GEF.
Science 286:316-318. DOI: 10.1126/science.286.5438.316

Torres Ruiz RA, Jurgens G. 1994. Mutations in the FASS gene
uncouple pattern formation and morphogenesis in Arabidopsis
development. Development 120:2967-2978.

Trotochaud AE, Jeong S, Clark SE. 2000. CLAVATA3, a multi-
meric ligand for the CLAVATA1 receptor-kinase. Science
289:613-617. DOI: 10.1126/science.289.5479.613

Venis MA, Napier RM. 1995. Auxin receptors and auxin-binding
proteins. Crit Rev Plant Sci 14:463-465.

Waites R, Simon R. 2000. Signaling cell fate in plant meristems:
three clubs on one tousle. Cell 103:835-838.

Zhong R, Ye Z-H. 1999. IFL1, a gene regulating interfascicular
fiber differentiation in Arabidopsis encodes a homeodomain-
leucine zipper protein. Plant Cell 11:2139-2152.



