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As multicellular organisms grow, positional information is contin-
ually needed to regulate the pattern in which cells are arranged. In
the Arabidopsis root, most cell types are organized in a radially
symmetric pattern; however, a symmetry-breaking event gener-
ates bisymmetric auxin and cytokinin signaling domains in the
stele. Bidirectional cross-talk between the stele and the surround-
ing tissues involving a mobile transcription factor, SHORT ROOT
(SHR), and mobile microRNA species also determines vascular pat-
tern, but it is currently unclear how these signals integrate. We use
a multicellular model to determine a minimal set of components
necessary for maintaining a stable vascular pattern. Simulations
perturbing the signaling network show that, in addition to the
mutually inhibitory interaction between auxin and cytokinin, sig-
naling through SHR, microRNA165/6, and PHABULOSA is required
to maintain a stable bisymmetric pattern. We have verified this
prediction by observing loss of bisymmetry in shr mutants. The
model reveals the importance of several features of the network,
namely the mutual degradation of microRNA165/6 and PHABU-
LOSA and the existence of an additional negative regulator of
cytokinin signaling. These components form a plausible mechanism
capable of patterning vascular tissues in the absence of positional
inputs provided by the transport of hormones from the shoot.

mathematical modeling | plant development

Plant vascular tissues (xylem and phloem) provide long dis-
tance transport between the root and the shoot. In Arabi-

dopsis roots, the xylem and phloem are arranged in a bisymmetric
pattern (Fig. 1A). There is a single xylem axis, with two protoxylem
cells at the marginal positions and metaxylem cells in the central
position. This axis is flanked by two domains of procambial cells
and two phloem poles.

Like many other developmental processes in roots, such as the
positioning of lateral roots, the specification of the root pole, or
the regulation of the root stem cell niche (1), the specification of
a vascular pattern is the direct result of the heterogeneous dis-
tribution of the hormone auxin (2). Asymmetries in auxin dis-
tribution are largely controlled through the subcellular localization
of the PIN-formed (PIN) class of auxin efflux carriers (3).
Mathematical modeling of PIN-mediated auxin fluxes can gen-
erate auxin maxima at the root tip and the sites of organ initi-
ation (4, 5). However, these models have only considered auxin
flow within a 2D longitudinal root section and did not investigate
the influence of the signaling network responsible for auxin
perception at a subcellular level or its possible feedbacks on
auxin levels. A 3D model of auxin transport was presented by

Swarup et al. (6), but this model only considers the outer three
cell layers (epidermis, cortex, and endodermis).

Mathematical models should account for the global effect of
multiple hormonal pathways, consider where these hormones are
synthesized, how they move between tissues, and how the path-
ways communicate within and between cells. Although studies
investigating the role of auxin-cytokinin cross-talk in roots have
identified nodes at which the hormonal pathways interact (2, 7),
they have been unable to show the precise relationship between
these two pathways or predict the effect that altering one com-
ponent would have on the system as a whole.

In root vascular tissues, there is an auxin response maximum
throughout the xylem axis (2, 8). This response domain is flanked
by two domains of high cytokinin (ck) activity within the pro-
cambial and phloem cells (2, 9). High ck signaling promotes
the expression and localization on the lateral membranes of
PIN1, PIN3, and PIN7. High auxin signaling promotes the

Significance

The vascular tissues form a continuous network providing the
long-distance transport of water and nutrients in all higher
plants (tracheophytes). To incorporate separate organs into
this network, it is essential that the position of different vas-
cular cell types is tightly regulated. Several factors required for
root vascular patterning (including hormones and gene prod-
ucts) have previously been identified in the model plant Ara-
bidopsis. We have now established a mathematical model
formulizing the interaction between these factors, allowing us
to identify a minimal regulatory network capable of main-
taining a stable vascular pattern in Arabidopsis roots. We en-
visage that this model will help future researchers understand
how similar regulatory units can be applied to create alterna-
tive patterns in other species.
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