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Developmental pathways are often simplified as linear
cascades of gene activation caused by initial signaling events.
Recent data, however, support a more complex view in which
non-linear responses to signals are important for pattern
formation. First, a positive feedback loop may regulate cellular
patterning in the Arabidopsis epidermis. Second, an
asymmetric auxin distribution that organizes pattern in the
distal root tip may be established by positive feedback. 
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Abbreviations
ARF auxin response factor
axr6 auxin-resistant 6
bdl bodenlos
bHLH basic helix-loop-helix
CPC CAPRICE
gl1 glabrous1
gl2 glabra 2
MP MONOPTEROS
PIN1 PIN-FORMED 1
QC quiescent center
TRY TRIPTYCHON
ttg transparent testa glabra
WER WEREWOLF

Introduction
Many cell lineage studies in plants have clarified that cells dif-
ferentiate according to their position within the plant [1]; but
how are cells informed about their position? Do receptor–lig-
and interactions, and in some cases transcription factors,
signal the position of cells and instruct cell fate accordingly?
Is the initial asymmetric distribution of signals critical for pat-
tern formation, as it is in animal systems? Receptor
kinase-mediated signaling in the shoot apical meristem has
indeed been shown to provide spatial information within
fields of cells [2,3••], and a combination of transcription fac-
tors is known to specify organ primordia in flowers [4], but
how spatial information is set up has remained unresolved.

This review discusses the generation of two cellular pat-
terns in Arabidopsis: first, hair cells interspersed with
non-hair cells in the epidermis, and second, quiescent cen-
ter and root-cap cells in the distal root tip. Recent studies
have identified molecules that may act as positional signals
and have begun to emphasize non-linear mechanisms that
establish their asymmetric distribution.

Cell patterning of epidermal hairs
When they can first be recognized, the hair-bearing cells of
the leaf epidermis (i.e. trichomes) are separated by three or

four epidermal cells (Figure 1a). As reflected in their
names, glabrous1 (gl1), transparent testa glabra (ttg) and
glabra2 (gl2) mutants are defective in trichome develop-
ment [5,6]. GL1 and GL2 encode myb and homeobox
transcription factors that are expressed in trichome
cells [7,8] (Figure 1b). TTG encodes a small WD40-repeat
protein that resembles a G-β subunit [9•]. 

Two observations suggest that trichome patterning involves
cell–cell communication within the epidermal cell layer.
First, their spacing bears no obvious references to underly-
ing tissues. Second, analysis of genetically marked sectors
reveals no systematic division patterns to generate tri-
chomes and surrounding epidermal cells [10]. The
occurrence of trichome clusters in certain mutant combina-
tions, but not in the wild-type, suggests that regulation of
trichome spacing involves lateral inhibition, that is, the sup-
pression of trichome fate in cells neighboring trichome
precursor cells. Analysis of genetic combinations that pro-
mote trichome clustering has shown that three genes are
involved in trichome spacing. Mutations in the TRIPTY-
CHON (TRY) gene, weak ttg mutants, and overexpression of
the GL1 gene in certain ttg heterozygotes result in trichome
clusters [6,11]. Thus, activity levels of the TRY, GL1 and
TTG genes appear to be important for trichome spacing.

A recent study demonstrates that try clusters can consist of
cells with different ancestry, thus TRY acts non-
autonomously and inhibits trichome fate in neighboring
cells [12••]. Overexpression of GL1 dramatically increases
cluster formation in try mutants only, suggesting that TRY
prevents trichome clustering by suppression of GL1 func-
tion (Figure 1c). Overexpression of the maize R gene in
the try background also increases cluster formation, sug-
gesting that TRY suppresses TTG function — R rescues ttg
mutants and encodes a basic helix-loop-helix (bHLH) pro-
tein that is thought to act downstream of TTG (Figure 1d)
[13]. TTG appears not only to be a target for TRY-medi-
ated inhibition but also to contribute to this inhibition,
because several try/+ ttg/+ heterozygotes display increased
cluster formation compared to the single heterozygotes. A
positive feedback loop can be inferred from genetic com-
binations with differently modulated TTG and GL1
activities, which place TTG either upstream or down-
stream of GL1. In the resulting model, the activators TTG
and GL1 stimulate their own production and that of the
non-autonomous inhibitor TRY thereby amplifying initial
stochastic differences and stabilizing cell-fate choice [12••]
(Figure 1c,d). This attractive mutual inhibition model of
pattern formation derives in part from ubiquitous expres-
sion experiments that do not directly show in which cells
and at which stage the overexpressed genes influence pat-
terning. Specific promoters and clonal expression systems
can now be used in further tests.
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In Arabidopsis roots, files of epidermal cells that overlie
more than one underlying cortex cell develop hairs. Files
with hair-bearing cells (i.e. trichoblasts) are interspersed
with files of hairless cells (i.e. atrichoblasts) (Figure 1e)
[14]. Epidermal cells in the root meristem occasionally
generate daughter cells that become re-allocated with
respect to the underlying cortex. These cells switch fate as
evidenced by both morphological and gene expression cri-
teria [15]. Hence, the cortical cell layer appears to convey
positional information for epidermal cell fate. 

Both ttg and gl2 mutants display an excess of hair-bearing
cells in the root epidermis at the position where non-hair
cells are expected; conversely, they have an excess of
hairless cells in the shoot epidermis [16,17]. GL2 is
expressed in the hairless cells, suggesting that it is
required cell-autonomously for the hairless cell fate
(Figure 1f) [17]. The maize R gene can suppress hair-cell
fate in the ttg mutant background, suggesting that TTG
also activates an Arabidopsis R-like bHLH protein in the
root (Figure 1h) [16].

Two genes have been identified in which loss-of-func-
tion mutations affect only root epidermal patterning.

The CAPRICE (CPC) gene, encoding a small protein
with a MYB-like DNA-binding domain but without rec-
ognizable activator domains, was identified as a negative
regulator of GL2; this regulatory role is consistent with
the presence of excess non-hair cells in cpc mutants [18].
The WEREWOLF (WER) myb gene is required for the
hairless fate in roots [19••]. WER is expressed in non-hair
cells, is homologous to GL1 and acts (as does GL1 in the
leaf epidermis) as an upstream regulator of GL2 expres-
sion (Figure 1h). WER can also interact with R, and
hence (like GL1 in the leaf) potentially links TTG input
to GL2 expression.

The identification of the WER gene as a GL1 homologue
and the related functions of TTG and GL2 in both root
and shoot epidermis point to the involvement of a similar
mutual inhibition network in patterning the root and shoot
epidermis. In both the root and shoot epidermis, a TTG-
regulated bHLH protein and a MYB factor (i.e. GL1 in
shoots and WER in roots) are involved in the specification
of one cell type. In trichomes, TRY is the non-autonomous
inhibitor, and in atrichoblasts the CPC gene product is a
candidate inhibitor. CPC is mostly expressed in non-hair
cells (T Wada, K Okada, personal communication) and its

Figure 1

WER

GL2

WER

GL2

WER

GL2
WER

GL2
WER

TTG

TTG
TTG

TTG

TTG

GL1

GL1

GL1

GL2 GL2

bHLH

CPCCPC
CPC

TRYTRY

bHLH

TRY

TTG

GL1

(a) (b) (c) (d)

(e) (f) (g) (h)

Current Opinion in Plant Biology

Models for epidermal hair patterning in Arabidopsis. (a–d) Trichomes.
(a) Trichomes develop from immature leaf epidermis with regular
spacing intervals, which have been shown not to be correlated to cell
lineage (image kindly provided by Martin Hülskamp). (b) At the stage of
hair outgrowth, GL1 and GL2 transcription factors are restricted to
incipient trichomes (dark purple). (c) Two subsequent stages of
trichome selection. A positive feedback loop between TTG and GL1
(green arrows) is coupled to the production of TRY, which acts as a
non-cell-autonomous inhibitor (red bars). (d) This system amplifies
initially small differences in activity into a stable pattern of trichome

precursor cells that inhibit trichome fate in neighbor cells.
(e–h) Trichoblasts. (e) Incipient root hair cells (dark purple) overlie a
cortical cell wall. (f) At the stage of outgrowth, the non-hair cells
express WER and GL2 transcription factors. (g,h) Two subsequent
stages of non-hair cell selection. Unknown positional cues provide an
activity bias for a positive feedback loop between TTG and WER
(green arrows) coupled to CPC, which acts as non-autonomous
inhibitor (red bars). The biasing signal favors the emergence of hair
cells over the cortical cell wall. Dark purple shading indicates
commitment to (b–d) trichome and (f–h) atrichoblast fate.



removal reduces the number of hair cells, consistent with a
function as a non-cell-autonomous suppressor of non-hair
cell fate (Figure 1g). It is tempting to speculate that TRY
and CPC perform related functions and that they could be
related molecules. In a simple hypothetical scenario,
inhibitors, such as TRY and CPC, might move directly to
the target cell where they would compete with the GL1
and WER activator MYBs for binding sites (Figure 1c
and f). Plasmodesmatal transport of proteins might enable
this movement [20], but were this to be the case, the lack
of inhibitory action of TRY and CPC in the protein-pro-
ducing cell should be explained. Alternatively, TRY and
CPC may act indirectly by regulating the production of as
yet unidentified signals.

Whereas the shoot epidermal patterning system seems to
generate pattern de novo from initial stochastic fluctuations,
root epidermal cells appear to respond to cues from underly-
ing cortical cells. The underlying mechanism in the shoot
and roots might be similar if the cortex produces a localized,
possibly cell-wall derived [15], signal that biases the activity
of a stochastic patterning mechanism through interaction
with one of its components. In the root epidermis, such a
biasing mechanism could ensure the formation of continuous
files of trichoblasts and non-trichoblasts. 

Vascular and distal root patterning
The phytohormone auxin induces linear vascular strands
upon external application. A non-linear feed-forward
mechanism termed ‘canalization’ has been proposed to
account for this ability. In this scenario, cells with elevated
auxin levels become better conduits and therefore chan-
nel auxin to their basal end, leading to elevated auxin
concentrations in their basal neighbor cell [21]. The
model predicts that auxin accumulation influences flux,
and flux influences accumulation, forming a self-organiz-
ing positive feedback loop that acts as a patterning
system. The reported effects of polar auxin transport inhi-
bition on vascular strand formation in Arabidopsis leaves
are consistent with the canalization model [22••].

The PIN-FORMED1 (PIN1) and EIR1/PIN2 proteins,
which are thought to be components of polar auxin efflux
carriers, are candidate components of the proposed posi-
tive feedback system [23,24]. Intriguingly, the
GNOM/EMB30 gene that encodes a guanosine nucleotide
exchange factor for small G-proteins involved in vesicle
formation, is required for the coordinated polar localization
of at least one PIN family member in embryonic cells
[25••]. This study further demonstrates that the polar
localization of PIN1 involves a dynamic equilibrium that
might respond to regulatory factors during patterning.

The MONOPTEROS (MP) gene, which is required for the
correct formation of a continuous vascular system, encodes
a member of the auxin response factor (ARF) protein fam-
ily [26,27]. ARF transcription factors bind to, and regulate
transcription of, auxin responsive promoters [28]. These

findings support a prominent role for auxin in vascular pat-
terning. Interestingly, the recently described auxin-resistant 6
(axr6) mutants display phenotypes similar to those of mp
mutants [29••]. In addition, axr6 heterozygotes are auxin
resistant. Functional analysis of the PIN proteins MP and
AXR6, and their interacting factors, should now enable
molecular testing of the canalization hypothesis.

Vascular strand formation is not the only patterning process
that depends on auxin. The promoting effect of auxin on
root formation has been well-established from tissue cul-
ture experiments. The finding that mp and axr6 mutants,
as well as the recessive auxin-resistant bodenlos (bdl) muta-
tion [30••], lack the entire root suggests that this promoting
effect has an early role in normal root development.
Consistent with this idea, the application of auxin trans-
port inhibitors or auxin analogs to explanted Brassica juncae
embryos produces root defects [31]. 

The root tip of Arabidopsis contains three distal-specific
cell types, the columella- and lateral-root-cap cells, and the
quiescent center (QC) cells [14] (Figure 2a). Cell identity
in the root cap and the QC region depends primarily on
position [32], and recent evidence suggests that auxin is
the relevant positional cue. From the heart stage of
embryogenesis onwards, the local activity of a synthetic
auxin-response element indicates that maximum auxin
response is associated with the distal root tip [33••]
(Figure 2b). Auxin-resistant axr1 and axr3 mutants [34,35]
reduce the response maximum and show correlated
defects in the specification or arrangement of distal cell
types. These findings suggest that the AXR1 and AXR3
genes are required for the perception of a distal auxin
maximum and for distal patterning [33••]. In pin1 and
pin2/eir1 mutants, which are thought to be primarily
defective in vascular and peripheral polar auxin transport,
respectively [23,24,36], the localization of this auxin max-
imum is less precise, and is correlated with mild defects in
the orientation of cell division and in cell elongation in the
distal root region. Thus, PIN genes appear to have a role
in localization of the auxin maximum. The importance of
PIN genes can now be assessed by the systematic analysis
of this large gene family. A significant shift in the auxin
maximum after application of polar auxin transport
inhibitors corroborates the importance of polar transport
for the generation of asymmetric auxin distribution in the
root tip. Dramatic re-specification of distal cell types upon
auxin transport inhibition suggests that the auxin maxi-
mum is sufficient for specifying the location of distal cell
types in the root meristem [33••] (Figure 2c).

It can be questioned whether the local auxin concentra-
tion threshold, which acts as a spatial cue for pattern
formation in the root tip, is set up using positive feedback
along the lines of the canalization hypothesis. After inhibi-
tion of polar auxin transport and a shift in auxin
distribution, root cells adjust cell-division planes to the
new position of the maximum [33••]. Moreover, inverse
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sites of root-hair emergence on epidermal cells at opposite
sites of an auxin maximum suggest cell polarity reversal.
Thus, cell polarity seems to be dependent on auxin distri-
bution, and changed polarity, in turn, might feed back on
auxin distribution and the location of a maximum. Such a
feedback mechanism could act, at least in part, through
auxin-dependent positioning of transporters (Figure 2d–f).
In conclusion, patterning may involve a positive feedback
loop, in which transporters determine auxin localization,
and localized auxin reinforces transporter location
(Figure 2d–f). Such a mechanism could be stochastic in
principle, in analogy to the proposed trichome patterning
system, but biased, in analogy to the proposed mechanism
of trichoblast patterning, to give a maximum at the basal
embryo region during normal development. Perhaps such
a stochastic component underlies the auxin-induced root
initiation process in tissue culture [37].

Conclusions
Recent analyses of pattern formation in the Arabidopsis
epidermis and distal root tip suggest that feedback loops
play a role in the generation of positional information.
Although the systems discussed here point to the involve-
ment of non-linear mechanisms in the generation of

patterning information, other examples exist in which non-
linear signaling contributes to the maintenance of
patterning information [3••,38••,39]. In the epidermis,
where the genetic evidence for non-linear relationships is
strongest, much of the proposed feedback takes place in
single cells, and cell biological and biochemical approaches
will be needed to verify the proposed interactions. In the
root tip, the genetic evidence for non-linearity is just ema-
nating, but the intercellular nature of the suspected
feedback in this organ may facilitate the molecular-genetic
dissection of proposed regulatory interactions.

Even when the components of feedback mechanisms
become known, non-linear mechanisms are not simply
intuitive and quantitative analysis of regulatory factors by
mathematical modeling might become essential to under-
standing patterning at a deeper level. In this vein, an
exciting analogy exists between the generation of stable
spatial patterns from initially small differences in plant
development and non-linear differential equations where
different initial conditions lead to the same ‘attractor’ state.
Do pattern ‘attractors’ explain some of the mysterious flex-
ibility of plant development, and do we need to dig out our
math books to improve our understanding? 
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Figure 2

Root patterning in Arabidopsis. (a) The distal
root contains three specific cell types:
columella root-cap cells, lateral root-cap cells
and quiescent center cells. (b) The
DR5::GUS auxin-response reporter detects a
distal maximum in the columella initial cells.
(c) Displacement of the auxin (reporter)
concentration maximum, in this case by polar
auxin transport inhibition, leads to dramatic
re-patterning. (d–f) A model that depicts the
generation of an auxin threshold that
organizes pattern in three stages. In analogy
with the canalization hypothesis, initially small
differences in the net cellular direction of
auxin transport (slightly biased towards the
basal end) generate and stabilize an auxin
maximum through positive feedback between
auxin concentration and the positioning of
auxin transporters.
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