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Vascular development: tracing signals along veins
Thomas Berleth* and Jim Mattsson
The plant hormone auxin has been implicated in vascular
development, but the molecular details of patterned vascular
differentiation have remained elusive. Research in the past year
has identified new genes that control vascular patterning, and
auxin transport and perception. New experimental strategies
have been employed to study vascular development. Together,
these findings have generated a conceptual framework and
experimental tools for the exploration of vascular-tissue
patterning at the molecular level.
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organs within a peripheral zone [2•] and patterns of vascular networks can be dramatically and predictably
altered by modifications of auxin transport during early
organ development [3•,4•]. As a recurrent theme in these
observations, developmentally regulated auxin distribution profiles may set up coarse patterns to serve as
coordinate systems for further fine-tuning of gene activities. In vascular development, for example, auxins have
been implicated as pathfinding signals in vascular-strand
formation, but further local cell interactions are certainly
required to generate functional vascular strands. In this
review, we discuss recent findings in auxin signaling and
vascular research in the context of general concepts of
auxin-mediated vascular patterning.
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Abbreviations
ARF
AUXIN RESPONSE FACTOR
AXR6
AUXIN RESISTANT 6
BDL
BODENLOS
EMB30 EMBRYO-DEFECTIVE 30
GEA1
GUANINE EXCHANGE FACTOR 1
GN
GNOM
mp
monopteros
PID
PINOID
PIN1
PIN-FORMED 1

Introduction
The formation of continuous vascular strands in response
to local auxin sources is an amazing phenomenon that has
stimulated conceptual discussions in the past and has
now become tractable at the molecular level. In cell biological terms, auxins are a special class of plant hormones.
Auxins are transported through an elaborate cellular
machinery, and their distribution seems to be highly regulated. The control of auxin distribution is sufficiently
precise to mediate differential cell behavior even within
small groups of cells, as, for example, in the gravitropic
responses of Arabidopsis roots. Therefore, precisely distributed auxin could also provide positional information
in developmentally programmed patterning events.
Research in the past year has identified further genes
that are involved in auxin perception and has provided
new insights into the molecular biology of auxin transport and the mechanisms underlying its apical–basal
directionality. Furthermore, new evidence implicates
auxin distribution in cell-patterning events. In the
Arabidopsis root meristem, a local maximum of perceived
auxin seems to be instrumental in specifying patterned
cell fates in the distal root [1••]. In shoot meristems, auxin
signals determine the phyllotactic position of lateral

Auxin transport and vascular-strand formation
The role of local auxin signals in cell patterning is particularly tractable in vascular-strand formation because organized
vascular strands develop in fixed spatial positions relative to
the locality of auxin application (Figure 1). In suitable organs,
vascular strands can be induced in a variety of positions, indicating that cells within a larger field can equivalently respond
to the signal (summarized in [5], Figure 1a). Upon auxin
application, however, vascular differentiation is sharply
restricted to a narrow zone, which is basal to the auxin source.
Thus, the local application of auxin does not merely trigger
vascular differentiation, but initiates a sequence of oriented
cellular events that result in the formation of a highly organized, functional cellular pattern. The process is dependent
on polar auxin transport, but the patterning function of auxin
may restricted to the most basic level: the definition of the
route of a vascular strand (Figure 1).
Formation of functional vascular strands obviously
involves further patterned cell differentiation within the
developing strand as well as in non-vascular tissues [6]; the
molecular nature of these fine-tuning mechanisms is still
entirely elusive. The influence of local auxin sources on
the positions of newly formed vascular strands suggests
that a positive feedback mechanism stimulates auxin conductivity within preferred routes of auxin transport
(referred to as ‘auxin canalization’, summarized in [5],
Figure 1b–d). Debate remains, however, as to the cellular
mechanisms by which preferred auxin transport routes are
translated into vascular differentiation zones (alternative
models are summarized in [6]) and the general relevance of
auxin-transport-dependent pathfinding processes in normal organ development. The emerging molecular
understanding of auxin transport may provide the tools to
resolve some of these open questions.

Cell biology of auxin transport
Plant tissue polarity is stably maintained and is intimately
associated with an apical–basal transport of auxin. Polar
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Figure 1
Signaling in vascular-strand formation. (a) A
vascular strand can develop in response to
locally applied auxin (gray drops). Two apical
auxin application sites are shown to indicate
that all cells can equivalently respond to the
signal. The area of cell differentiation is
non-isotropic (indicated by white and black
arrows, respectively), suggesting the
presence of cellular mechanisms that
constrain signaling in certain directions. First,
vascular differentiation (black cells) will
selectively occur basal to the auxin source;
there is no vascular response to the basal
application of auxin (gray drop). Second,
vascular differentiation will remain restricted to
narrow strips of cells. The apical–basal
directionality of the auxin signal corresponds
to the overall flow of auxin in the plant.
Restriction to narrow cell zones could be
controlled by feedback mechanisms that
further enhance auxin conductivity along
preferred routes of auxin transport (i.e. in

(a)

(b)

(c)

(d)
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adherence to the ‘auxin canalization’
hypothesis [5]). (b-d) Expected alterations in
vascular differentiation patterns in response to
(c) reduced auxin transport and (d) reduced
auxin perception under conditions of auxin
canalization from a dispersed auxin source
(gray cells; normal conditions illustrated in [b]).
Feedback stimulation of auxin conductivity
promotes convergence of auxin flow towards

auxin transport proceeds in a cell-to-cell fashion and the
existence of saturable sites in membrane vesicles indicates the presence of specific auxin import and export
proteins (reviewed in [7]). The directionality of auxin
transport has been attributed to the polar localization of
auxin efflux-carrier molecules in plasma membranes
(Figure 2). This hypothesis implies that polar auxin transport in intact plants involves the maintenance of the
coordinated polarity of individual cells. Two lines of
research have generated complementary insights into the
molecular machinery underlying the regulation of auxin
transport and the establishment of its polarity.
First, cell biological studies reveal possible modes of regulating and redirecting auxin transport. The use of specific
types of auxins — such as α−naphthalene-acetic acid (NAA)
and dichlorophenoxy-acetic acid (2,4-D), which do not
interact with either the auxin influx or the efflux machinery,
respectively — allows auxin import and export mechanisms
to be distinguished from each other. In this experimental
setup, the selective inhibition of protein synthesis and of
vesicle transport reveals that auxin efflux, but not influx,
depends on permanent protein synthesis and on proper
vesicle transport from the Golgi to the plasma membrane
[8,9]. Thus, at least one protein that is crucial for auxin
efflux seems to be permanently resynthesized and reshuffled to the plasma membrane. Such a mechanism would
allow auxin to be drained along flexible routes. Orientation
of auxin flow could occur through regulated targeting of
efflux carrier vesicles, and auxin-flow intensity could be
modulated by the regulation of efflux-carrier genes.
Alternatively, increased auxin conductivity in response to
auxin exposure, as required for ‘auxin canalization’, could
simply be a consequence of the increased efficiency of
vesicle transport. In an (auxin) ligand-dependent vesicle

preferred routes. Vascular differentiation
occurs at above-threshold concentrations of
auxin along these routes. (c) Auxin
accumulation associated with reduced auxin
transport should result in increased vascular
differentiation closer to the auxin source,
whereas (d) impaired auxin perception should
restrict vascular differentiation to fewer sites
that are further from the source.

trafficking mechanism, the amount of properly localized
efflux carriers would be directly linked to the amount of
available auxin, consistent with the observation that sustained auxin transport in isolated plant tissues requires
an auxin source [9].
Second, genetic approaches seem to have identified
Arabidopsis genes for targeted vesicle transport and auxin
efflux. The (At)PIN-FORMED 1 (PIN1) gene is a prime
candidate for encoding an auxin efflux-carrier protein that
is involved in vascular development. Auxin transport is
reduced in the stems of pin1 mutants relative to that in
wild-type stems [10], and excess vascular tissue, probably
reflecting auxin accumulation, is found in mutant stems
and leaves (Figure 3) [3•,11]. The PIN1 protein contains
characteristic membrane-spanning domains and, most
intriguingly, seems to be localized in the basal side of
xylem parenchyma cells [11]. Surprisingly, pin1 nullmutants are viable plants, suggesting that auxin transport
is partially maintained by redundantly acting genes.
These may be found within the large family of membrane
proteins to which PIN1 belongs [12].
While members of the PIN protein family may directly
mediate auxin efflux, another Arabidopsis gene product,
EMBRYO-DEFECTIVE 30 (EMB30)/GNOM (GN),
seems to be required for their proper localization.
Mutations in EMB30/GN lead to variably non-polar
embryos, and mutant cells are unable to undergo organized
growth (Figure 3) [13]. Consistent with a fundamental distortion of polar signaling, mutant vascular cells are
randomly oriented rather than being aligned in strands.
The EMB30/GN gene encodes a protein with high
sequence similarity to yeast GUANINE EXCHANGE
FACTOR 1 (GEA1), and this Arabidopsis gene can
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researcher to control the degree and stage of interference
with auxin transport. Two recent studies have explored the
effect of auxin transport (efflux) inhibition on vascular
development in dicots [3•,4•]. First, in a variety of organs
(predominantly tested in Arabidopsis), excess vascular tissue was formed and cell differentiation in vascular strands
was less properly aligned when auxin efflux was inhibited.
These observations are consistent with a function of polar
auxin transport in draining auxin from apical sources and in
aligning cell differentiation with the axis of auxin flow.
Second, leaf vascular patterns (i.e. venation) were studied
in detail. In Arabidopsis, and three other dicot species, the
leaf venation patterns were dramatically altered, and the
types of alterations were correlated to the development
stage and dose at which auxin-efflux inhibitors were
applied. Auxin efflux inhibition affects the width of an
individual vascular strand only at early stages of strand
development, and causes vascular differentiation to occur
closer to the leaf margins only at early stages of leaf development (Figure 3). These findings suggest, first, that early
differentiation stages are associated with changes in the
expression of auxin carriers, which render the incipient
strands less sensitive to transport inhibitors; and second,
that major auxin sources are located near the margins of
young leaf primordia. It should be possible to test both of
these predictions in the near future.

Figure 2

pH5
pH7

Auxin perception
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‘Chemi-osmotic’ model for polar auxin transport. The polarity of the
overall flow of the auxin indoleacetic acid (IAA) is attributed to the
polar (selectively basal) localization of auxin efflux carriers in the
plasma membrane (black outward arrows). Auxin influx into the cell
occurs either directly through the plasma membrane (as IAAH) or is
mediated by proton-symport carriers (acting on IAAH plus H+; gray
inward arrows). IAAH dissociates at intracellular pH, and efflux of IAA–
is strictly dependent on basally localized efflux carriers.

complement gea1 mutations in yeast [14••]. GEA1 and a
family of related nucleotide exchange factors regulate the
activity of adenosyl ribosylation factor 1, a small ras-like
protein that is required for targeted vesicle transport from
the Golgi to the plasma membrane. By analogy,
EMB30/GN could have an essential function in vesicle
transport to position auxin efflux carrier proteins. This
interpretation is supported by the observation that the
PIN1 product is not properly localized in emb30/gn
mutant embryos [14••].

Vascular patterns in organ development
While mutations in PIN genes seem to provide longsought-after entry points into the molecular biology of
auxin transport, the chemical inhibition of auxin transport
through the use of auxin efflux inhibitors enables the

If auxin signaling is critically important in cell-patterning
events, including vascular-strand formation, at least some
classes of auxin-perception mutants should display characteristic vascular defects. Two genes identified in the
past year, AUXIN RESISTANT 6 (AXR6) and BODENLOS
(BDL), mutate to produce phenotypes that are closely
related to those of the previously identified monopteros
(mp) mutants [15•,16•,17,18]. Common defects among
these three mutants include impaired auxin perception, a
generally reduced vascular system, defective embryo axis
formation and a failure to produce an embryonic root. In
early embryos of these mutants, cells already appear to be
impaired in their capacity to orient division and expansion
along the apical–basal axis. This defect is particularly evident in the hypocotyl primordia, and the amount of
vascular tissues is generally reduced in these mutants
(Figure 3). The failure to form a primary root at the base
of the hypocotyl could be a consequence of the defects in
embryo axis formation. It has recently been shown that
the perturbed embryo development of mp mutants is associated with the absence of a basally located ‘auxin
maximum’, which seems to be an essential prerequisite
for the formation of a primary root [1••].
The simultaneous occurrence of defects in embryo-axis and
vascular-strand formation in axr6, bdl and mp mutants suggests that these architectural features share an underlying
molecular mechanism, probably involving the auxin-perception-dependent alignment of cellular events with the axis of
auxin flow (i.e. ‘cell axialization’). One may therefore expect
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Figure 3
Vascular abnormalities resulting from presumed
defects in polarity and the intensity of auxin
transport, and in auxin sensitivity. (a) Disrupted
vascular strands in the emb30/gn mutant
seedling as opposed to the Arabidopsis
wild-type (WT) seedling. EMB30/GN has been
implicated in the proper polar positioning of
auxin efflux carriers, and mutations in
emb30/gn interfere with vascular-strand
formation but not with vascular differentiation
per se. (b) Arabidopsis leaf-venation patterns
are altered (i.e. vascular differentiation close to
the leaf margin is enhanced) in leaves treated
with the auxin-efflux inhibitor napthylphthalamic
acid (NPH) and in leaves defective for the
presumed auxin efflux carrier PIN1. Leaf
vascular patterns are characteristically reduced
in a class of presumed auxin-insensitive
mutants including mp. These cartoons illustrate
the vascular defects described in [3•,13,18].
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that mutations in AXR6, BDL and MP affect auxin sensitivity and, in various non-overlapping tests, this has proven to
be the case. Additional genetic evidence confirms that
AXR6 and BDL function in auxin signal transduction.
Mutations at the AXR6 locus are semidominant and auxin
insensitivity has been extensively documented in heterozygous mutants [15•]. Mutant defects in bdl embryos, in turn,
are synergistically enhanced in double mutants with the
auxin resistant 1 mutant [16•], which itself does not have an
embryo phenotype. Strong support for an involvement of
MP in auxin signal transduction also comes from the previously reported identification of the MP gene product [19].
The MP gene encodes a nuclear protein with the signature
domains of the AUXIN RESPONSE FACTOR (ARF)
family: an amino-terminal DNA-binding domain, a central
activation domain and two conserved putative proteininteraction domains near the carboxy terminus [20]. ARFs
have been implicated in auxin signal transduction because
of their capacity to bind to auxin response elements, which
are short regulatory DNA sequences that mediate auxinregulated gene expression [20]. The conserved
carboxy-terminal protein domains, which are also found in
the related family of auxin-inducible, short-lived, nuclear
‘IAA/AUX’ proteins, can mediate homo- and heterotypic
interactions among members of both the ARF and the
IAA/AUX protein families [20]. In Arabidopsis, both of
these protein families comprise more than a dozen members, and it has been suggested that the specificity of
individual auxin signaling pathways may be brought about
by distinct protein combinations within transcriptional
complexes. Some of these could be specific for cell ‘axialization’ and/or vascular differentiation. Both AXR6 and
BDL are currently being cloned, and it will be interesting to
see whether their products act in the same pathway as MP.
For genes with locally restricted functions, it may be more
difficult to assess their possible involvement in auxin
transport or perception. Mutations in the Arabidopsis genes
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ETTIN and PINOID (PID) [21,22,23•] disrupt organ development and vascular patterning in flower organs in ways
that are consistent with auxin-response defects. Moreover,
ETTIN encodes an ARF-like protein (lacking the presumptive protein-interaction domains) [21] and PID a
serine-threonine protein kinase, which upon overexpression antagonizes a number of auxin responses [23•]. It is
therefore easily conceivable that both genes act as regulators of auxin response, but definition of their precise roles
in auxin signaling and organ development may have to
await new strategies to assess auxin-related parameters
locally within the flower.
Eventually, direct screens for mutants with abnormal vascular development are required to identify genes irrespective
of their relationship to auxin signaling pathways. Three new
vascular-patterning genes have recently been identified in
Arabidopsis. Mutations in the SCARFACE gene predominantly disrupt continuity in lower-order veins, but are
associated with enhanced rather than reduced responses to
external auxin [24•]. Mutations in two other genes,
COTYLEDON VASCULAR PATTERN 1 and 2, result in specific vascular distortions throughout development, but
apparently do not affect auxin perception or auxin transport
[25•]. All three genes seem to be required at the early stages
of provascular development, but further direct screens may
also identify genes that regulate the spatial pattern of cell
types within vascular strands.

Conclusions
Distortions in auxin signaling and transport have long
been known to impinge on patterning processes in plants.
It now appears that these effects may reflect genuine
functions of auxin as a positional signal within patternspecifying genetic networks. Auxin distribution as a
coarse basic pattern refined by cascades of fine-tuning
gene activities, would be consistent with the robust flexibility of meristem and vascular patterns. Vascular
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networks, for example, though often highly reproducible
retain remarkable flexibility to adapt to abnormal growth
conditions or wounding. As has been suggested, auxins
could serve as coordinating signals, adjusting local cell
behavior to the overall growth requirements of the
plant [5]. At present, most conclusions are still based on
indirect evidence, largely because auxins remain basically invisible at cellular resolution. However, current
rapid advances in the identification of relevant genes,
mutants and markers have definitely opened the prospect
of understanding signaling in vascular-pattern formation
at the molecular level.
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