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The root epidermis of Arabidopsis thaliana is formed by alternate files of hair and non-hair
cells. Epidermal cells overlying two cortex cells eventually develop a hair, while those overlying
only one cortex cell do not. Here we propose a network model that integrates most of the
available genetic and molecular data on the regulatory and signaling pathways underlying
root epidermal differentiation. The network architecture includes two pathways; one formed
by the genes TTG, R homolog, GL2 and CPC, and the other one by the signal transduction
proteins ETR1 and CTRI1. Both parallel pathways regulate the activity of AXR2 and RHD6,
which in turn control the development of root hairs. The regulatory network was simulated as
a dynamical system of eight discrete state variables. The distinction between epidermal cells
contacting one or two cortical cells was accounted for by fixing the initial states of CPC and
ETRI1 proteins. The model allows for predictions of mutants and pharmacological effects
because it includes the ethylene receptor. The dynamical system reaches one of the six stable
states depending upon the initial state of the CPC variable and the ethylene receptor. Two of
the stable states describe the activation patterns observed in mature trichoblasts (hair cells)
and atrichoblasts (non-hair cells) in the wild-type phenotype and under normal ethylene
availability. The other four states correspond to changes in the number of hair cells due to
experimentally induced changes in ethylene availability. This model provides a hypothesis on
the interactions among genes that encode transcription factors that regulate root hair develop-
ment and the proteins involved in the ethylene transduction pathway. This is the first effort to
use a dynamical system to understand the complex genetic regulatory interactions that rule
Arabidopsis primary root development. The advantages of this type of models over static
schematic representations are discussed.
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Introduction

The increasing amount of data on the molecular
mechanisms underlying cellular differentiation
and morphogenesis are putting forward complex
networks of genetic interactions. These are dy-
namical systems that operate in specific cellular
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and spatial scales. Network models of genetic
regulatory interactions are dynamical repres-
entations of molecular interactions, and can be
used to predict the stable activation states
attained by a given genetic architecture within
mature cells (Kauffman, 1993). These models
provide a formal dynamical framework to
analyse cellular differentiation, in contrast to
schematic representations of gene and protein
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interactions often published in experimental pa-
pers. However, network models for specific biolo-
gical systems are still scarce (for notable examples
see Bodnar, 1997; Reinitz & Sharp, 1995). In this
paper, we propose a network model for cell differ-
entiation during root epidermis development
of the experimental plant system Arabidopsis
thaliana.

In contrast to most animals, plant cells cannot
move, while positional cues are important in rul-
ing cellular fate. Also, plant organ development is
remarkably plastic in response to environmental
conditions (Meyerowitz, 1997; Pigliucci, 1996;
Scheres & Wolkenfelt, 1998). Therefore, cell
signaling should play important roles in plant
cellular specification and pattern formation,
which take place in shoot and root meristems,
where organs continuously develop (Scheres,
1997). Within floral meristems, transcription fac-
tors are known to be involved in regional speci-
fication (Coen & Meyerowitz, 1991; Weigel &
Meyerowitz, 1993), but the gene products re-
quired for the signaling processes during pattern
formation are only starting to be studied. The
complexity of the shoot meristem, however,
hinders the experimental approaches that are re-
quired to understand the role of cell signaling
during development. In contrast, the regular cel-
lular architecture, small size and transparency
of the Arabidopsis root meristem, enables the
combination of genetic, cell ablation and micro-
injection approaches to study the signaling mech-
anisms involved in cell specification (see Scheres,
1996, 1997). This makes the root a particularly
attractive system to develop mechanistic models,
which help understand how molecular signals
and cellular interactions are integrated across
cells during development.

The root epidermis of Arabidopsis is an excep-
tionally simple system to address questions re-
garding the cellular and genetic mechanisms that
determine a stereotyped pattern of cellular
differentiation. The root epidermis is made of
alternate columns of hair cells (trichoblasts) and
non-hair cells (atrichoblasts). Cell fate is deter-
mined by the relative location of epidermal cells
with respect to the cortex cell walls. Recent
studies in the root of Arabidopsis have identified
at least four transcription factors that regulate
root hair development, and the ethylene signaling

pathway as one of the signaling mechanisms
involved in it (see Scheres & Wolkenfelt, 1998).
It is unclear if ethylene is a molecule available
to all epidermal cells, or if it forms a gradient
conveying positional information during sub-
specification of epidermal cell types. Additional
experimental results are necessary to solve the
details of the interplay between transcriptional
regulation and ethylene transduction path-
way; however, to integrate all the data avail-
able to date we put forward the first genetic
regulatory network model for root hair de-
velopment.

No previous model has proposed a genetic
regulatory mechanism responsible for the cellular
patterning observed in the Arabidopsis root epi-
dermis. In this paper, we propose a regulatory
network model of discrete states that may be
used as a framework to predict the effect of muta-
tions that alter root hair formation. The network
is implemented as a dynamical system with dis-
crete state variables. Departing from any initial
activation state, the model reaches one of six
stable activation patterns. Two of these corres-
pond to stable activation states that characterize
mature hair and non-hair cells under wild type
conditions. The other four correspond to genetic
patterns that would diminish or augment the
trichoblasts to atrichoblasts ratio according to
induced changes in ethylene availability. This
model contrasts in two important ways with
our previous models of flower development
(Mendoza & Alvarez-Buylla, 1998; Mendoza
et al., 1999). First, in our previous network imple-
mentations we used the ABC model of flower
morphogenesis to translate the steady gene
activation patterns into flower morphology
(Coen & Meyerowitz, 1991; Meyerowitz, 1994).
In this study, we lack a morphogenetic model for
root hair formation, and we used the activation
state of the most downstream elements of the
regulatory network (RHD6 and AXR2) to estab-
lish cell fate (i.e trichoblasts or atrichoblasts).
Second, the flower models were treated as auton-
omous dynamical systems in which no links with
extra-cellular signals were postulated. In this
case, however, we postulate a link with ex-
ternal signals via the response of the elements
representing CPC and ETR1. Such responses are
incorporated by fixing the initial states of these
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two elements in the network, in such a way that
the appearance of root hairs is determined by
the position of epidermal cells relative to that of
cortical cells. This is the first dynamical model
that is able to describe the effect of mutations as
well as pharmacological treatments on the cellu-
lar patterning in the root epidermis.

The Root of Arabidopsis

The mature root of Arabidopsis consists of
single concentric layers of cells, which from the
periphery to the centre form the epidermis,
cortex, endodermis and pericycle, surrounding
vascular tissues (Fig. 1). Root meristem tissues
are organized in longitudinal cell files. Mature
cells are located distal to the root tip, while im-
mature cells are near the root tip. Along this
gradient, that goes from the root tip to the plant
base, four regions have been defined: the division,
the slow elongation, the fast elongation, and the
differentiation zones (Berger et al., 1998b). Each
cell file is maintained by elongation and sub-
sequent anticlinal division (with the division
plane perpendicular to the growth axis) of initial
cells. There are four types of initial cells: epider-
mis/lateral-root cap, cortex/endodermis, provas-
cular and columella initials, whose daughter cells
are able to divide and differentiate into one of the
mature cell types forming the different root tis-
sues (Dolan et al., 1993, 1994). Epidermal cells

Non-hair cell

Hair cell

Pericycle

Vascular tissues

FIG. 1. Schematic representation of transverse (left) and
longitudinal (right) midsections of the Arabidopsis thaliana
root. The primary root is formed by concentric layers of
lateral root cap, epidermis, cortex, endodermis, and peri-
cycle surrounding vascular tissues. The transverse section
represents a region where the lateral-root cap has detached
and root hairs begin to grow. Epidermal cells contacting one
and two cortical cells differentiate into Non-hair and Hair,
respectively. Mature trichoblasts develop a root hair.

undergo a further process of differentiation. Cells
that contact the anticlinal cell wall between two
cortical cells differentiate into root hair cells. In
contrast, developing epidermal cells contacting
the periclinal wall of a single cortical cell differen-
tiate into mature hairless cells. The hair is a tubu-
lar extension that develops in trichoblasts, but its
presence is not the only morphological difference
with atrichoblasts. From a very early stage of
development, trichoblasts have a more densely
staining cytoplasm, a reduced vacuolation and
are shorter than atrichoblasts (Berger et al.,
1998b; Dolan et al., 1994).

Molecular and Genetic Basis of
the Regulatory Network Model

We present a network model that integrates
most of the published genes involved in root
epidermis development for which regulatory in-
teractions could be inferred. We first review the
experimental evidence that supports the pro-
posed regulatory network architecture. The
model includes genes that encode transcription
factors and regulatory proteins. In some cases,
transcriptional and post-transcriptional regula-
tion could not be distinguished based on avail-
able data. Therefore, if an element of the network
model is “off”, it represents either a null tran-
scriptional gene activity or an inactive protein.
Despite being biologically relevant, the ambi-
guity on the molecular mechanism does not
affect the dynamical result, because the par-
ticular nature of functionality (or lack of it) is
irrelevant for the study of the collective behavior
of interdependent elements. For a review on the
known molecular nature of many mutations
see Van den Berg et al. (1998). Throughout the
text, genes coding for known proteins are in
upper-case italics (TTG, R homolog, GL2 and
CPC) and known and unknown proteins are in
upper-case normal text (ETR1, CTR1, RHDS®,
and AXR2). Wild type and mutated genes are
indicated with upper- and lower-case letters,
respectively.

TRANSPARENT TESTA GLABRA (TTG)is
a gene coding for a WD40 protein involved in
root hair development, and its loss-of-function
mutation results in plants with hairs throughout
the epidermis (Galway et al., 1994; Walker et al.,
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cited in Hung et al., 1998). TTG is an important
activator of GLABRA2 (GL2), mRNA is expressed
inside atrichoblasts in wild type plants. Like ttg
plants, g/2 mutants have hairs throughout the
epidermis. However, g/2 epidermal cells can be
distinguished as trichoblasts or atrichoblasts
based on vacuolation and cytoplasmic density,
while ttg epidermal cells cannot (Galway et al.,
1994; Masucci et al., 1996; Masucci & Schiefel-
bein, 1996; Schiefelbein et al., 1997). GL2 encodes
a homeodomain protein that probably functions
as a transcription factor of genes involved in
determining the hairless cellular fate. TTG is one
of the important activators of GL2, because its
expression is markedly reduced in ttg mutants
(Di Cristina, 1996; Hung et al., 1998). However,
the activation of GL2 by TTG seems to be me-
diated by another gene product. In Arabidopsis,
over-expression of the corn R cDNA (a myc
gene), under the control of the cauliflower mosaic
virus 35S promoter, suppresses the ttg pheno-
type (Galway et al, 1994). Such information
suggests that an Arabidopsis R homolog is act-
ing downstream of TTG. Moreover, transgenic
358::R GL2::GUS plants show GUS activity
throughout the epidermis, lateral root cap cells
and cortical cells, while 35S::R g/2 plants
show a gl2 phenotype (Hung et al.,, 1998). All
this evidence supports that TTG activates an
Arabidopsis R homolog, which in turn activates
GL2 [Fig. 2(a)].

TTG is not the only regulator of GL2;
GL2::GUS 1tg seedlings exhibit a significant
reduction, but not a total loss, of GUS activity.
Interestingly, the remaining GL2 :: GUS activity is
found in the atrichoblasts, where GL2 is normally
expressed (Hung et al., 1998). Therefore, the ttg
mutation affects the level of GL2 expression but
not its spatial localization. These results suggest
that an additional T'TG-independent pathway
restricts the GL2 expression to atrichoblasts.
Such an alternative pathway might be mediated
by CAPRICE (CPC) that is a putative transcrip-
tion factor preferably expressed in atrichoblasts,
although it is also present in trichoblasts at lower
levels, as revealed by GUS staining and in situ
hybridizations (Wada et al., 1997, 1998). The cpc
mutants express GL2 in almost all epidermal cells
and have few irregularly distributed root hairs,
while 35S:: CPC plants have root hairs in all
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FIG. 2. (a) Architecture of the genetic regulatory network
model for hair development in the Arabidopsis root epider-
mis. Arrows and blunt-lines represent activation and repres-
sion, respectively. (b) Assumption of signals affecting the
activity of the regulatory network. Ethylene availability,
acting upon its receptor ETR1, is assumed to be uniform
across epidermal cells under normal conditions and phar-
macological treatments (——). An unknown protein ex-
pressed along the longitudinal anticlinal cell walls of the
cortex cells (? — ) is assumed to make the CPC protein
active or available in cells overlying two cortical cells.

epidermal cells like the g/2 or ttg mutant pheno-
types. Also, cpc gl2 double mutants have the
same phenotype as g/2 single mutants (Wada
et al., 1997). Put together, this evidence indicates
that CPC is a negative regulator of GL2
[Fig. 2(a)]. CPC and TTG regulate GL2 via two
different pathways, because cpc ttg roots have an
intermediate phenotype compared to each of the
single mutants (Wada et al., 1997).

It is strange that while CPC mRNA is ex-
pressed mainly in atrichoblasts its null mutants
have altered development of trichoblasts. There
are several possible molecular mechanisms to
explain these apparently contradictory results.
One possibility is that CPC is a non-autonomous
inhibitor of the non-hair fate, in which case the
model would imply a lateral signaling inhibition
mechanism. Such a model is somewhat chal-
lenged by cell ablation experiments, that suggest
that the root-hair cell fate does not depend on
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signaling from neighboring epidermal cells (non-
hair cells) (Berger et al., 1998a). Instead, this and
additional available data (Berger et al., 1998b),
suggest that a signaling mechanism emerging
from the anticlinal cell walls in the cortex is
critical for cell patterning in the epidermis. Such
a signaling mechanism seems to affect the avail-
ability or activity of the protein encoded by CPC,
rather than the presence of its mRNA. The fact
that 35S ::CPC plants have ectopic hairs in cells
that do not contact anticlinal cortical cell walls,
might be explained if such an over-expression
saturates or bypasses the pathway that regulates
the activity or availability of CPC protein. Hence
in Fig. 2, CPC in hair-cells refers to the availabil-
ity of active CPC protein, rather than to its
mRNA expression, that has been reported to be
higher in atrichoblasts (Wada et al., 1998). How-
ever, additional data are needed to clearly discern
this and a lateral inhibition model to explain the
difference between the observed CPC mRNA and
the CPC protein activity.

Members of the ethylene receptor family share
sequence similarity, and mutations in any of
them have a similar ethylene-insensitive pheno-
type (Hua et al., 1995; Hua & Meyerowitz, 1998).
Analyses of single and multiple mutants showed
that ETHYLENE RESISTANT 1 (ETRI), ETHY-
LENE RESISTANT 2 (ETR2), ETHYLENE INSEN-
SITIVE 4 (EIN4) and ETHYLENE RESPONSE
SENSOR 2 (ERS2) have redundant functions
in the ethylene signaling pathway (Hua &
Meyerowitz, 1998). The most studied member of
such a family is ETR1, which is a membrane
protein very similar to the bacterial two-compon-
ent histidine kinases (for recent reviews see Fluhr,
1998; Kieber, 1997). We have included only the
ETRI1 protein in our model because the ethylene-
binding activity has been demonstrated solely for
this receptor. However, it should be kept in mind
that the in vivo response to ethylene is probably
mediated by the formation of multiple complexes
(reviewed in Johnson & Ecker, 1998). It is known
that ETR1 acts upstream of CONSTITUTIVE
TRIPLE RESPONSE [ (CTRI, Kieber, 1997),
and ETR1 seems to be an activator of CTRI1
[Fig. 2(a)] because loss-of-function mutants of
the ethylene receptor family and czr/ mutants are
similar (Hua & Meyerowitz, 1998). Finally, in
contrast with the typical mechanism of hormone

action, ethylene represses the activity of the
receptor complex upon binding, which in turn
activates CTR1 (Hua & Meyerowitz, 1998).
Although the net effect of ethylene is the inhibi-
tion of CTR1, its specific mechanism of action is
relevant for the specification of the model
(see ahead).

The ethylene response pathway plays a major
role in root hair appearance and develop-
ment (Tanimoto et al., 1995). Such a pathway has
been partially uncovered, and includes the gene
CTRI. Plants with the ctrI mutation have ectopic
root hairs; however in contrast to ttg and gi2
plants, they have only a slight increase in the
proportion of hair to non-hair cells (Dolan et al.,
1994). The CTRI gene encodes a putative
serine-threonine kinase, and the phenotype of
ctrl mutants suggests that the CTR1 protein
negatively regulates the ethylene signaling path-
way (Kieber et al., 1993; Scheres, 1997). Also, it
is known that CTR1 acts downstream of the
ethylene receptor family. The family of genes
encoding different forms of the ethylene receptor
includes ETRI, ETR2, EIN4, ERSI and ERS2.
In vitro assays have shown that CTR1 interacts
with, at least, ETR1 and ERSI1 proteins (Clark
et al., 1998).

AUXIN RESISTANT2 (AXR2) and ROOT HAIR
DEFECTIVEG6 (RHD6) are also involved in root
hair development but they seem to be part of two
different pathways downstream of GL2. Both
single axr2 and rhd6 mutants have fewer root
hairs than wild-type plants, while double axr2?
rhd6 mutants completely lack root hairs, sugges-
ting that AXR2 and RHD6 form part of two
separate pathways. However, the pathway in-
cluding RHDG6 seems to be more important than
that of AXR2, because rihd6 mutants have fewer
hairs than axr2 mutants (see ahead). Double axr2
ttg and axr2 gl2 mutants have the same pheno-
type as axr? plants (Masucci & Schiefelbein,
1996), suggesting that AXR2 is downstream of
the TTG/GL2 pathway. We propose that GL2
inhibits the AXR2 gene, or alternatively, inacti-
vates the AXR2 product [Fig. 2(a)]. This ambi-
guity is not problematic for defining the model
because the mathematical treatment is identical
in both cases.

In contrast, ttg rhd6 and gl2 rhd6 mutants have
more hairs than rhd6, but clearly fewer than ttg
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or g/2 plants (Masucci & Schiefelbein, 1996). This
partial suppression of the ttg and g/2 phenotypes
could indicate that RHD6 is regulated by a path-
way independent of that of GL2. However, the
data from transgenics bearing 35S:: R homolog
constructs suggest that RHD6 is downstream of
TTG and GL2. Seedling roots containing 35S:: R
and GL2::GUS constructs have ectopic GUS
activity compared to wild-type pattern, demon-
strating that constitutive expression of the myc-
like R gene by the 35S promoter is sufficient to
induce ectopic GL2-promoter activity during
root development (Huang et al., 1998). We use
this evidence to infer the possible interaction be-
tween RHDG6 and GL2. An over-expression of GL2
in these 35S :: R lines, would produce a reduction
of AXR2 and RHD6 expression if both were nega-
tively regulated by GL2. If this is the case, 35S :: R
plants would have a similar (not identical be-
cause the ethylene signal transduction pathway
also regulates RHD6 and AXR2) phenotype to
that of axr2 rhd6 double-mutant plants. Indeed,
358::R transformants have roots almost de-
prived of root hairs and their trichoblast files
have an altered early fate specification (Berger
et al., 1998b) as do the double axr2 rhd6 mutants.

The data by Galway et al. (1994) also support
that RHD6 is downstream of GL2. Landsberg
wild-type plants have 61.5 + 7.7 root hairs
mm ! and ttg 35S:: R transgenic plants, which
are identical to 35S:: R transgenics, have only
2.3 + 3.1 root hairs mm ~'. The latter phenotype
is much more similar to the double rad6 axr2
mutants, which hardly has any root hairs, than to
the single axr2 mutant, that has 27 + 4 hairs
mm . The latter phenotype would be expected if
RHDG6 was not downstream of GL2. Therefore, we
conclude that RHD6 is negatively regulated by
GL2. Furthermore, g/2 rhd6 mutants have more
hairs than rhd6, suggesting that there is an RHD6-
independent pathway altering root hair appear-
ance. These phenotypes further support that
RHDG is inhibited by GL2 but in a separate path-
way from that of AXR2 [Fig. 2(a)]. However, the
inhibition of RHD6 by GL2 seems to be weaker
than that of AXR2, because the difference in the
number of root hairs between axr2 and axr2 gi2
mutants is larger than the difference between
rhd6 and rhd6 gI2 mutants. Finally, the fact
that GL2::GUS expression is not altered by

mutations in AXR2, RHD6, or even GL2 (Masucci
& Schiefelbein, 1996) suggests that there is no
feedback from RHD6 or AXR2 to GL2.

RHDG6 and AXR2 seem to connect the transcrip-
tional regulation pathway determining cell fate in
the root epidermis (i.e. trichoblasts or atrichob-
lasts) to the ethylene response pathway via GL2.
ACC, the direct precursor of ethylene, induces the
appearance of root hairs in a dose-dependent
manner in wild-type plants (Tanimoto et al., 1995).
The hairless r2d6 and axr2 single mutants almost
recover the wild-type phenotype when treated
with ACC. However, ACC addition does not
induce root hair formation in rhd6 axr2 double
mutants (Masucci & Schiefelbein, 1996). These
data suggest that RHD6 and AXR2 are down-
stream of the ethylene response pathway. Such
a pathway from the ethylene receptor to RHD6
and AXR?2 should be independent of GL2, because
ACC treatment does not alter GL2 expression
(Masucci & Schiefelbein, 1996). We propose that
CTRI1 represses AXR2 and RHD6 independently
of GL2 [Fig. 2(a)]. We do not know, however, if
such a negative regulation is exerted at a tran-
scriptional level or directly on the protein.

The files of epidermal cells are created by anti-
clinal divisions and a constant number of epider-
mal files is maintained. However, sometimes an
epidermal cell (often a trichoblast) divides longi-
tudinally originating an extra file. Trichoblasts
do not express GL2 before an abnormal division.
However, in the resulting daughter cell that over-
lies only one cortical cell, GL2 becomes active
(Fig. 5 in Berger et al., 1998b). GL2 and CPC are
both expressed at the mRNA level in atrichob-
lasts (Wada et al., 1997), but CPC protein seems
to be active in trichoblasts only, although here its
mRNA levels are low. In the new atrichoblasts,
the CPC protein could be either sequestered
in the cytoplasm or it could be in an inactive
form. Developing trichoblasts and atrichoblasts,
spatially isolated from other trichoblasts, other
atrichoblasts or cortical cells, continue with their
normal division and development into mature
hair or non-hair epidermal cells respectively, as
evidenced by molecular and morphological
markers (Berger et al., 1998a). But the develop-
ment of a hair cell should involve an external
signal that makes the CPC protein available or
active and inhibits GL2.



NETWORK MODEL OF ROOT HAIR DEVELOPMENT 317

The network model incorporates the effect of
extra-cellular signals that modify the activation
state of two network elements: the CPC and
ETR1 proteins. The initial states of these deter-
mine which attractor is reached. Each attractor is
a particular pattern of stable gene activation,
including AXR2 and RHD6. Moreover, the activa-
tion state of AXR2 and RHDG6 can be translated
into a particular phenotype. We determined the
initial state of CPC based on the location of cells.
Epidermal cells that contact two cortical cells
have active or available protein encoded by CPC
(initial state = 1) while those that contact only
one cell do not have active or available protein
encoded by this gene (initial state = 0). Also, we
assumed that the ethylene supply, and therefore
the ethylene receptor activity, are maintained
constant and uniform throughout the epidermis
[Fig. 2(b) and see discussion ahead]. In our
model, we set ETR1 =1 to simulate the wild-
type activation level of ethylene receptor in both
trichoblasts and atrichoblasts. On the contrary,
to simulate pharmacological treatments we have
set ETRI1 initial states to 0 and 2, to model the
addition of ethylene (or ACC) and AVG, respec-
tively. This is because ethylene inhibits the
activity of its own receptor, while AVG inhibits
ethylene synthesis and thus leads to an over-
activation of the ethylene receptor. Based on
experimental evidence at hand, we assumed that
the ethylene supply and the ethylene receptor
activity are maintained constant and uniform
throughout the epidermis [Fig. 2(b), and see dis-
cussion ahead].

Finally, according to the available molecular
evidence in both normal and abnormal division
patterns, T'T'G should be constitutively expressed
in the root epidermis, while the active protein
encoded by CPC should be present only in cells
overlying two cortical cells [see Fig. 2(b)].
Our model incorporates both hypotheses. The
constitutive expression of TTG could be main-
tained by a positive self-regulation after its
induction during embryonic development. One
possible way to attain the localized activity or
availability of the protein encoded by CPC is
by means of a diffusible signal such as ethylene,
capable of crossing between the junction of
longitudinal anticlinal cell walls, but not through
them (Tanimoto et al., 1995). However, a more

plausible mechanism could involve a molecule
specifically expressed in the anticlinal cell walls,
capable of inducing the activation or the liber-
ation of the protein encoded by CPC in the
contacting epidermal cells.

Simulations

Figure 3 shows the transition tables for each
one of the elements included in the regulatory
network. Half of the network elements are binary
variables, while network elements involved in the
ethylene-response pathway are modeled as three-
state variables. The three-state elements enable
the simulation of the differential response of roots
to ACC (the direct precursor of ethylene) or AVG
(an inhibitor of ethylene synthesis) treatments.
All the tables in Fig. 3 could be united into
a single transition table for the entire network,
thus defining the entire dynamical behavior of
the system. However, this is not practical because
a complete table would have 1296 rows. Never-
theless, we present in Table 1 the final activation

(@) (b)
t t+1 t t r+1
TTG |Rh Rh CPC |GL2
0 0 0 0 0
1 1 0 1 0
1 0 1
1 1 0
©) (d)
t t+1 t t t+1 t+1
ETR1 |CTR1 GL2 CTRI1 [RHD6 AXR2
0 0 0 0 2 2
1 1 0 1 2 1
2 2 0 2 1 0
1 0 1 1
1 1 0 0
1 2 0 0

FIG. 3. Transition tables for the network variables: (a) Rh
(the Arabidopsis homolog of the corn R element), (b) GL2,
(c) CTRI1, and (d) RHD6 and AXR2. Variable 77G is as-
sumed to be constitutively active (see main text), or always
inactive if mutated. The state of variable ETR1 reflects the
level of available ethylene; under wild-type conditions ETR1
is set to 1. To simulate treatments with increased ethylene or
ACC, ETR1 is set to zero. Conversely, a decrease of ethylene
availability, or the addition of AVG, is achieved by setting
ETRI1 to 2. Finally, CPC is set to 1 for cells in direct contact
with two cortical cells, and set to 0 in those contacting only
one cortical cell.
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TABLE 1
Basins of attraction and attractors of the network
model
Basins of Attractors
attraction (final steady
Genotype (initial states) states)
Wild type XX0X1XXX 11011100%*
XX1X1XXX 11101121 %**
XX0X0XXX 110100117
XX1X0XXX 11100022+
XX0X2XXX 11012200%
XX1X2XXX 111022101 %
g XX0X1XXX 00001121*
XX1X1XXX 00101121%*
XX0X0XXX 00000022
XX1X0XXX 001000227+
XX0X2XXX 00002210%
XX1X2XXX 001022103
R homolog XX0X1XXX 10001121*
XX1X1XXX 10101121 %**
XX0X0XXX 10000022+
XX1X0XXX 10100022+
XX0X2XXX 10002210%
XX1X2XXX 1010221011
cpe XXXX1XXX 11011100*
XXXX0XXX 11010011+
XXXX2XXX 11012200%
gl2 XX0X1XXX 11001121%*
XX1X1XXX 11101121%*
XX0X0XXX 11000022
XX1X0XXX 11100022+
XX0X2XXX 11002210%
XX1X2XXX 1110221011
etrl XX0XXXXX 11010011*
XXIXXXXX 11100022%*
ctrl XX0X1XXX 11011011*
XX1X1XXX 11101022%*
XX0X0XXX 11010011+
XX1X0XXX 11100022+
XX0X2XXX 11012011%
XX1X2XXX 1110202211
rhd6 XX0X1XXX 11011100%*
XX1X1XXX 11101101 **
XX0X0XXX 11010001+
XX1X0XXX 11100002+
XX0X2XXX 11012200%
XX1X2XXX 111022001 %
axr2 XX0X1XXX 11011100%*
XX1X1XXX 11101120**
XX0X0XXX 110100107
XX1X0XXX 11100020+
XX0X2XXX 11012200%
XX1X2XXX 1110221011

Notes opposite

states associated with every initial state (i.e. at-
tractors and their basins of attraction), excluding
the transient states. In the model, six basins of
attraction are reached. Two of them correspond
to the wild-type stable activation states of
atrichoblasts and trichoblasts. The other four
correspond to altered patterns of root hair
formation due to experimentally induced changes
in ethylene availability. For comparison with the
“normal” model, we also include in Table 1 the
attractors of all the single loss-of-function mu-
tants. Multiple mutants are not shown, but they
can be derived from the transition tables in Fig. 3.
The mutants’ phenotypes are obtained from
Table 2 (see ahead).

Table 2 links the activation state of the genetic
network with a root phenotype, that is itself de-
rived from the activation states of the most
downstream genes in the model (RHD6 and
AXR2). We have inferred the effect of these two
genes on root hair development from the pheno-
types of their single and double mutants, i.e. rad6,
axr2 and rhd6 axr2 plants. In Table 2 we propose
a correspondence between discretized values of
the RHD6 and AXR2 variables with the percent-
age of hair-bearing cells within an epidermal file.
The expression levels of RHD6 and AXR2 are not
known, but the values of Table 2 reflect the fact
that these genes additively interact in determin-
ing root hair development, and that RHD6 has
a larger effect on root-hair formation than AXR2.
For example, double mutants of these genes com-
pletely lack root hairs (Masucci & Schiefelbein,
1996; Masucci et al., 1996).

<

We present simulation results for wild type, and the loss-
of-function mutants of all the network elements (left col-
umn). The central column contains the basins of attraction
(initial states) that lead to the corresponding attractors (final
steady states) in the right column. The state of the entire
network is represented by a vector containing the activation
states of variables 77G, R homolog (Rh), CPC, GL2, ETR1,
CTR1, RHD6 and AXR2, always in this order. In the basins
of attraction the initial state of the variables can be 0, 1, 2 or
X (indicating any of the possible values). In the attractors,
variables attain an activation state of 0, 1 or 2. Attractors
marked with *, ¥ and f, are those obtained in the simulations
under normal ethylene,. ACC and AVG treatments, respec-
tively. Single and double symbols indicate attractors ob-
tained in epidermal cells overlying one or two cortical cells,
respectively. Thus, the genetic activation patterns of wild-
type atrichoblasts and trichoblasts are marked with aster-
isks in the “wild-type” row.
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TABLE 2
Phenotypic effect on root hair development of all
the possible activation states of RHD6 and AXR2,
the two most downstrem elements of the network

model
% of hair-bearing
RHD6 AXR2 cells in a file
0 0 0
0 1 10
0 2 70
1 0 20
1 1 30
1 2 90
2 0 80
2 1 90
2 2 100

Note: Not all cells in a file develop a hair; the table
presents the percentage of cells in a particular file that
develops a root hair depending on the activation state of
AXR2 and RHD®6, which can be 0, 1 or 2. The table assumes
that all the cells of a particular cell file have the same
activation state of the corresponding regulatory network.
Notice that the appearance of root hairs is a gradual
response to the activity of AXR2 and RHD6. Figure 4
contains a schematic representation of the root hair
morphology under different genetic backgrounds.

The rightmost column of Table 2 provides the
percentage of cells within a file that develop
a hair for each activation state of RHD6 and
AXR?2 indicated in the first two columns of the
table. Notice that (i) there is a gradual change in
the appearance of root hairs depending on the
values of variables AXR2 and RHD6, and (ii) the
precise location of the hairs within a file is not
specified; thus the table describes a partially
stochastic process in which cells with identical
network activation states within files may or may
not develop a hair. The latter is true for all cases
but the extreme ones, in which none or all cells
develop a hair, respectively. Figure 4 exemplifies
the gradual response in root hair formation
under different genetic backgrounds. Due to the
scarce molecular evidence, and the large variabil-
ity in the way publications report root hair
number, we did not use a formal data-fitting
algorithm to construct Table 2.

We report our model’s predictions as the per-
centage of cells with hairs per file, but these
predictions are sometimes hard to compare with

@

FIG. 4. Schematic representation of root hair phenotype
in (a) wild-type plants, (b) rAd6 mutants, and (c) g/2 mutants.
Steady-state activation patterns of the genetic regulatory
network in epidermal cells overlying two or one cortical cells
are shown on the leftmost and rightmost columns, respec-
tively. Root epidermis cell files are illustrated in the central
column. Two mutants are exemplified: one that decreases
(rhd6) and another that increases (g/2) the number of epider-
mal root hairs without changing the total number of epider-
mal cells. The topology of the genetic network corresponds
to that presented in Fig. 2(a). Network elements with an
activation state equal to 0, 1 or 2 are represented as O,
& and @, respectively. ( x ) indicates which genes are muta-
ted (loss of function).

published experimental data. The number of
hairs per file varies among files within an
individual root and the number of cell files per
root varies among individuals. These variations
should be considered when estimating the num-
ber or percentage of root hairs in the epidermis of
a particular mutant. However, experimental data
are not standarized to the total number of cell
files per root and do not always clarify if root-
hair-bearing cells are within trichoblast or
atrichoblast files. Moreover, the ratio of tricho-
blasts to atrichoblasts in wild-type roots is not
normally reported, despite that it usually varies
from 0.5 to 1 (Dolan et al., 1993, 1994). For
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example, Table 3 shows that 42% of epidermal
cells in wild-type roots have hairs. In the publica-
tion, however, the average number of files per
individual is not reported. If the percentage was
derived from plants with a trichoblast to at-
richoblast ratio of 1, then the results would imply
that 84% of the cells in a trichoblast file have
a hair. The latter is the percentage that should be
compared to our models’ predictions. If the re-
sults were obtained from plants with a trichoblast
to atrichoblast ratio of 0.72, then the same re-
ported value of 42%, would imply that 100% of
cells in the trichoblast file would have a hair. This
should be kept in mind when comparing our
model’s predictions for percentage of root-hair-
bearing cells per file with published data.

The initial state of CPC and ETR1 proteins
alone determines which attractor is reached by
the model. Two of the final stable states corres-
pond to the expression patterns observed in wild-
type trichoblasts and atrichoblasts. To simulate
epidermal cells overlying a longitudinal anticlinal
wall, CPC and ETRI1 initial states are set to 1,
and for the epidermal cells contacting only one
cortex cell, CPC and ETR1 are set to 0 and 1,
respectively. In the first type of cell, which corres-
ponds to a trichoblast, the attractor reached is
11101121; while in the second one that corres-
ponds to an atrichoblast, the attractor is
11011100 (Table 1). The first attractor (11101121)
includes an active CPC variable, RHD6 equals
2 and AXR2 equals 1. Based on Table 2, these
activation states of RHD6 and AXR2 yield
a phenotype where 90% of the cells in a file
develop a hair. In the second attractor
(11011100), CPC, RHD6 and AXR?2 are equal to
0. In this particular case, according to Table 2,
none of the cells in the file with that stable activa-
tion state develop a hair. These results of the
model match the phenotype of wild-type roots in
which most trichoblasts develop a hair while
atrichoblasts do not.

The other four attractors correspond to the
simulation of pharmacological treatments on the
root under a wild-type genetic background. As
mentioned earlier, we may simulate ethylene or
ACC treatment by setting the variable ETR1 to
zero. In this case, the attractors 11100022 and
11010011 are reached in the trichoblasts and at-
richoblasts, respectively. The extra availability of

ethylene in the root induces all the cells that
contact anticlinal walls to develop a hair. In
contrast, only 30% of the cell files that contact
a periclinal wall are predicted to develop a hair.
Similarly, in order to model AVG treatment we
set the initial state of the variable ETR1 to 2. In
this case, the attractors reached are 11102210 and
11012200 for trichoblasts and atrichoblasts, re-
spectively. As shown in Table 2, these attractors
correspond to 20 and 0% of cells in a file develop-
ing a hair, respectively. The model seems to de-
scribe accurately the change in hair to non-hair
ratio due to a change in ethylene availability
(Table 3).

Our regulatory network model, in contrast to
previous root epidermis models (Scheres, 1996,
1997; Tanimoto et al., 1995), can be used also to
simulate gain- and loss-of-function mutations. In
our model, mutations in all members of the
ethylene receptor family (ETR1 = 0) cause the
inactivation of CTR1 (= 0). In this case, the at-
tractors reached by the model are 11100022 and
11010011, for cells overlying two and one cortical
cells, respectively. According to Table 2, the
phenotypes corresponding to these two attrac-
tors are 100% of hair cells if located over the
anticlinal wall, and 30% of hair cells if not. The
attractors of other mutations are also shown in
Table 1. Simulation results for other mutants are
shown in Table 3, where we compare the attrac-
tors predicted by our model for trichoblasts and
atrichoblasts with published mutants and phar-
macological treatments. Comparison with pub-
lished results show that there is an overall good
agreement among those and the simulated re-
sults. Finally, we summarize some simulation
predictions for novel mutants and pharmaco-
logical treatments in Table 4.

Discussion

Cellular interactions are important during
plant morphogenesis. However, the precise mo-
lecular mechanisms entailed by such interactions
are only starting to be understood. Such mecha-
nisms include how cells react to signals, and how
these are integrated among cells during mor-
phogenesis (Meyerowitz, 1997). Integrative dy-
namical modeling approaches will become useful
to make progress in this area. In this paper, we



TABLE 3

Comparison of network simulation predictions with experimental published data

Model
Model predictions:
predictions: predicted
Attractors: Attractors: predicted percentage Experimental evidence:
epidermal cells epidermal cells percentage of of ectopic average observed
over two over one hair cells with ~ Experimental evidence: average hair cells percentage of ectopic
cortical cells cortical cell respect to the  observed percentage of hair cells with respect hair cells with respect
Genotype (% hair cells) (% hair cells) WT model with respect to wild type (WT) to WT model to WT FIT
WT 11101121 (90) 11011100 (0) 100 100 (Masucci & Schiefelbein, 1996) 0 1 (Masucci & Schiefelbein, 1996) Good
1.75 (Di Cristina et al., 1996)
0 (Tanimoto et al., 1995)
WT+ACC 11100022 (100) 11010011 (30) 144.4-177.7 126 (Masucci & Schiefelbein, 1996) 23-37.5 22 (Masucci & Schiefelbein, 1996) Good
35-50 (Tanimoto et al., 1995)
WT + AVG 11102210 (20) 11012200 (0) 222 26 (Masucci & Schiefelbein, 1996) 0 0 (Masucci & Schiefelbein, 1996; Good
0-15 (Tanimoto et al., 1995) Tanimoto et al., 1995)
tty 00101121 (90) 00001121 (90) 200-300 223 (Masucci & Schiefelbein, 1996) 50-66.6 51 (Masucci & Schiefelbein, 1996) Good
227 (Wada et al., 1997)
200 (Hung et al., 1998)
cpe 11011100 (0) 11011100 (0) 0 24 (Wada et al., 1997) 0 N.A. Fair
358::CPC 11101121 (90) 11101121 (90) 200-300 312 (Wada et al., 1997) 50-66.6 N.A. Good
gl2 11101121 (90) 11001121 (90) 200-300 230 (Masucci & Schiefelbein, 1996) 50-66.6 53 (Masucci & Schiefelbein, 1996) Good
250 (Wada et al., 1997)
210 (Hung et al., 1998)
ctrl 11101022 (100) 11011011 (30) 144.4-177.7 147 (Masucci & Shiefelbein, 1996) 23-37.5 32 (Masucci & Shiefelbein, 1996) Good
rhd6 11101101 (10) 11011100 (0) 11.1 9 (Masucci & Schiefelbein, 1994, 1996) 0 3 (Masucci & Schiefelbein, 1994, 1996) Fair
rhd6 + ACC 11100002 (70) 11010001 (10) 88.8-100 61 than WT treated with ACC
(Masucci & Schiefelbein, 1994, 1996) 12.5-22.2 N.A. Good
axr2 11101120 (80) 11011100 (0) 88.8 64 (Masucci & Schifelbein, 1996) 0 0 (Masucci & Schiefelbein, 1996) Fair
axr2 + ACC 11100020 (80) 11010010 (20) 111.11-1333 64 than WT treated with ACC 20-33.3 N.A. Fair
(Masucci & Schiefelbein, 1996)
ttg cpc 00001121 (90) 00001121 (90) 200-300 150 (Wada et al., 1997) 50-66.6 N.A. Fair
ttg gl2 00101121 (90) 00001121 (90) 200-300 220 (Hung et al., 1998) 50-66.6 56 (Hung et al., 1998) Good
cpe gl2 11001121 (90) 11001121 (90) 200-300 232 (Wada et al., 1997) 50-66.6 N.A. Good
ttg rhd6 00101101(10) 00001101 (10) 22.2-333 54 (Masucci & Schiefelbein, 1996) 50-66.6 13 (Masucci & Schiefelbein, 1996) Fair
ttg rhd6 + ACC 00100002 (70) 00000002 (70) 155.5-233.3 170 (Masucci & Schiefelbein, 1996) 50-66.6 N.A. Good
ttg axr2 00101120 (80) 00001120 (80) 177.7-266.6 59 (Masucci & Schiefelbein, 1996) 50-66.6 40 (Masucci & Schiefelbein, 1996) Bad
g2 rhd6 11101101 (10) 11001101 (10) 22.2-333 40 (Masucci & Schiefelbein, 1996) 50-66.6 4 (Masucci & Schiefelbein, 1996) Fair
gl2 rhd6 +ACC 11100002 (70) 11000002 (70) 155.5-233.3 523 than gi2 rhd6
(Masucci & Schiefelbein, 1996) 50-66.6 N.A. Good
gl2 axr2 11101120 (80) 11001120 (80) 177.7-266.6 66 (Masucci & Schiefelbein, 1996) 50-66.6 25 (Masucci & Schiefelbein, 1996) Bad
ctrl rhd6 11101002 (70) 11011001 (10) 88.8-100 100 (Masucci & Schiefelbein, 1996) 12.5-22.2 Like WT (Masucci & Schiefelbein, 1996) Good
rhd6 axr2 11101100 (0) 11011100 (0) 0 0 (Masucci & Schiefelbein, 1996) 0 0 (Masucci & Schiefelbein, 1996) Good
rhd6 axr2 +ACC 11100000 (0) 11010000 (0) 0 0 (Masucci & Schiefelbein, 1996) 0 0 (Masucci & Schiefelbein, 1996) Good

Note: Mutants and pharmacologically treated plants are listed in the first column. The second and third columns list the attractors predicted for epidermal cells contacting two or one cortical cells,
respectively. The predicted percentage of hair-bearing cells (see Table 2) is indicated in parentheses. The fourth column includes the predicted number of hair cells with respect to wild-type model. Most
values are presented within a range to take into account that the observed trichoblast to atrichoblast ratio varies from 0.5 to 1. The fifth column contains experimental evidence on the percentage of root
hairs. The sixth column includes the predicted number of ectopic hairs according to our model. Again, values are presented as a range to reflect the variability of the trichoblast to atrichoblast ratio. The
seventh column shows the experimental evidence on the ectopic root hairs with respect to the wild-type plants. N.A. indicates that there are no data available for the particular mutant. Finally, the
eighth column includes an estimate of the agreement between the model and the experimental data. We included three qualifications, “Good” for values predicted by the model within +20% of the
reported data; “Fair” for values predicted by the model with >20% but in the same direction as the reported data, and finally “Bad” for predicted values that do not describe that particular mutant.
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TABLE 4
Predictions of the regulatory network for mutants and pharmacological treatments not reported yet

Attractors:
epidermal cells
over two cortical

Attractors:
epidermal cells
over one cortical

Model predictions:
predicted percentage
of hair cells with

Model predictions:
predicted percentage
of ectopic hair cells

cells

cells

respect to wild-type

with respect to

Genotype (% of hair cells) (% of hair cells) model wild-type model
ttg + ACC 00100022 (100) 00000022 (100) 222-333 50-66-6
ttg + AVG 00102210 (20) 00002210 (20) 44.4-66.6 50-66.6
cpe + ACC 11010011 (30) 11010011 (30) 66.6-100 50-66.6
cpc + AVG 11012200 (0) 11012200 (0) 0 0
35S8::CPC + ACC 11100022 (100) 11100022 (100) 222-333 50-66.6
358::CPC + AVG 11102210 (20) 11102210 (20) 44.4-66.6 50-66.6
gl2 + ACC 11100022 (100) 11000022 (100) 222-333 50-66.6
gl2 + AVG 11102210 (20) 11002210 (20) 44.4-66.6 50-66.6
ctrl + ACC 11100022 (100) 11010011 (100) 222-333 50-66.6
ctrl + AVG 11102022 (100) 11012011 (100) 222-333 50-66.6
rhd6 + AVG 11102200 (0) 11012200 (0) 0 0

axr2 + AVG 11102210 (20) 11012200 (0) 22.2 0

ttg cpc + ACC 00000022 (100) 00000022 (100) 222-333 50-66.6
ttg cpc + AVG 00002210 (20) 00002210 (20) 44.4-66.6 50-66.6
tttg gl2 + ACC 00100022 (100) 00000022 (100) 222-333 50-66.6
1tg g2 + AVG 00102210 (20) 00002210 (20) 44.4-66.6 50-66.6
cpe g2 + ACC 11000022 (100) 11000022 (100) 222-333 50-66.6
cpe gl2 + AVG 11002210 (20) 11002210 (20) 44.4-66.6 50-66.6
1tg rhd6 + AVG 00102200 (0) 00002200 (0) 0 0

ttg axr2 + ACC 00100020 (80) 00000020 (80) 177.7-266.6 50-66.6
itr axr2 + AVG 00102210 (20) 00002210 (20) 44.4-66.6 50-66.6
gl2 rhd6 + AVG 11102200 (0) 11002200 (0) 0 0

g2 axr2 + ACC 11100020 (80) 11000020 (80) 177.7-266.6 50-66.6
gl2 axr2 + AVG 11102210 (20) 11002210 (20) 44.4-66.6 50-66.6
ctrl rhd6 + ACC 11100002 (70) 11010001 (10) 88.8-100 12.5-22.2
ctrl rhd6 + AVG 11102002 (70) 11012001 (10) 88.8-100 12.5-22.2
rhd6 axr2 + AVG 11102200 (0) 11012200 (0) 0 0

cpe gl2 + ACC 11000022 (100) 11000022 (100) 222-333 50-66.6
cpe gl2 + AVG 11002210 (20) 11002210 (20) 44.4-66.6 50-66.6
358::CPC rhd6 11101101 (10) 11101101 (10) 22.2-33.3 50-66.6
358::CPC rhd6 + ACC 11100002 (70) 11100002 (70) 155.5-233.3 50-66
358::CPC rhd6 + AVG 11102200 (0) 11102200 (0) 0 0

Note: The table contains the same kind of information as the first, second, third, fourth, and sixth columns in Table 3.

have proposed a model for a mechanism by
which cells transduce extra-cellular signals, via
the genetic regulatory network that controls cell
fate determination in the root epidermis.

We presented a simple discrete-state model.
However, theoretical studies show that the num-
ber and type of stable states found in discrete
systems are the same as those attained with ap-
propriate equivalent continuous models (Bagley
& Glass, 1996; Glass, 1975; Glass & Kauffman,
1973). It is noteworthy, that in contrast to our
previous Arabidopsis network models, this one
does not include any feedback loops. The

presence of functional positive feedback loops is
a pre-requisite to obtain multistationarity, which
is necessary to attain different stable states that
represent the genetic activation patterns ob-
served in different cell types (Thieffry et al., 1995;
Thomas, 1991). In the network model presented
here, cellular differentiation depends upon the
initial activation states of two elements of
the model, the proteins CPC and ETR1, which
are assumed to depend on a signaling mechanism
external to the network. This mechanism does
not preclude the possibility that future studies
uncover new genes and interactions including
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some positive functional loops, which may rein-
force the cell patterning process simulated by the
model that we present here.

Our model makes two basic assumptions con-
cerning the signals involved in cell fate deter-
mination in the root epidermis. Both are based
on experimental data that show that the contact
of epidermal cells with a longitudinal anticlinal
cortex wall is critical for root hair development
(Scheres, 1996, 1997), and that the initial state of
the CPC protein depends on the position of the
epidermal cell relative to cortex cells. A similar
mechanism has been proposed before by Scheres
(1997). This assumption implies that an unknown
signal activates or makes the CPC protein avail-
able in those cells that will become trichoblasts.
A cell wall component, for example a glycopro-
tein, rather than a diffusible molecule could be
involved in such a mechanism. A key pre-requi-
site for that component is its localization along
the longitudinal anticlinal walls of cortex cells.
This type of expression pattern has been
documented already in cells of Arabidopsis roots
for some carbohydrates (Freshour et al., 1996).

Second, we assume in our model that ethylene
is a signaling molecule uniformly available to all
epidermal cells. Thus, ethylene does not convey
by itself positional information during sub-speci-
fication of epidermal cell-types. In contrast, some
previous models assume that ethylene (or ACC)
diffuses only through Ilongitudinal anticlinal
walls of cortical cells, inducing root hair develop-
ment only in epidermal cells that are in direct
contact with the cleft (Scheres, 1997; Tanimoto,
1995). The fact that in the absence of TTG and
GL2, hair formation in AVG-treated roots occurs
in the right place, partially supports the pre-
patterning role of ethylene. However, there are
two experimental results that challenge such
a hypothesis. The first one comes from a tricho-
blast that divides longitudinally to yield two
daughter cells, from which one becomes an at-
richoblast (Berger et al., 1998b). If a diffusible
signal determined the trichoblast fate, then both
daughter cells should attain this fate. One could
still argue for a diffusible signal that could only
maintain the trichoblast fate in one cell and not
the other, but this mechanism does not seem
a plausible one. The second piece of evidence is
that an atrichoblast remains as such even if

surrounding trichoblasts, atrichoblasts or corti-
cal cells are ablated (Berger et al., 1998a). With
such experimental manipulation, any gradient of
a diffusible morphogen should have been de-
stroyed thus increasing ethylene availability. This
in turn would have caused that isolated atrichob-
last to differentiate into a trichoblast.

Previous authors have proposed static sche-
matic representations of the gene interac-
tions involved in cell-type determination in the
Arabidopsis root epidermis (Scheres & Wolken-
felt, 1998; Schiefelbein, 1998; Schiefelbein et al.,
1997). These authors have proposed the same
architecture of interactions among the genes en-
coding TTG, GL2, and R homolog that we present
here. Also, it was previously proposed that CPC
is upstream of GL2 (Wada et al., 1997). However,
we propose that the ethylene response pathway is
independent of the GL2 pathway, although both
converge in the negative regulation of down-
stream elements such as AXR2 and RHD6 [see
Fig. 2(a)]. In contrast, most previous authors
have postulated that the ethylene response path-
way is downstream and repressed by GL2 (see, for
example, Schiefelbein et al., 1997). However, loss-
of-function mutations, either on the ethylene
receptor family or on CTR! (Hua & Meyerowitz,
1998; Kieber et al., 1993) develop root hairs in all
epidermal cells, evidencing that the ethylene re-
sponse pathway is active even in cells expressing
GL2. Therefore, GL2 cannot be a repressor of the
ethylene pathway [see Fig. 2(a)].

Our architecture is also compatible with
phenotypes of ttg and g/2 mutants treated with
the ethylene synthesis inhibitor, AVG (Masucci
& Schiefelbein, 1996). It is noteworthy that in
some previous papers these experiments have
been used to postulate that the ethylene response
pathway is downstream of GL2 (Scheres, 1997;
Schiefelbein et al., 1997). Finally, loss-of-function
mutants of the ethylene receptor family, namely
the etrl etr? ein4 ers? quadruple mutants, have
a constitutive ethylene response phenotype, like
that of ctrl mutants (Hua & Meyerowitz, 1998).
This phenotype is also compatible with the
model presented here, but not with previous ones
(see Tanimoto et al., 1995).

In brief, our model is a new proposition of the
regulatory interactions between genes and pro-
teins controlling root hair development. Notably,
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it establishes that the transduction pathway of
ethylene is parallel, and not downstream, of the
group of transcription factors that control root
hair appearance. Finally, it is a dynamic model
that can be used to describe and predict the stable
expression patterns, under wild type, mutants
and pharmacologically treated roots, of a group
of proteins and molecules controlling root hair
development.

The overall agreement of published and
simulated results (Table 3) suggests that this first
dynamical model captures key elements involved
in the genetic regulation of cell fate determination
in the epidermis. It is important to consider that
the experimental results have a large standard
deviation that we did not include in the table (see
for example, Masucci and Schiefelbein, 1996;
Masucci et al., 1996). In all but two cases, how-
ever, the phenotypes predicted by the model are
very close to the average observed phenotypes.
The two cases in which the predicted and ob-
served phenotypes are quite different: ttg axr2
and g/2 axr2 double mutants. The total number
of observed hair cells is not accurately described
by our model, although the percentage of ectopic
hairs is close to the experimental evidence. A
partial solution for the discrepancies would
be solved by including a non-zero activity for
GL2 in the absence of the normal activation
coming from TTG. In fact, there is some experi-
mental evidence that supports such activity
(Huang et al., 1998), but we did not include it
because we could not identify the putative up-
stream regulatory gene responsible for such GL2
activity. Certainly, a T T G-independent GL2 ac-
tivation pathway would reduce RHDG6 activity
and hence the number of hairs predicted for a ttg
axr2 mutant would be lower and would be more
similar to the phenotype observed for this double
mutant. In any case, this discrepancy between
our model and the experimental data suggests
that there must be such an alternative pathway
that should be sought experimentally. On the
other hand, including in the model an additional
inhibitory pathway over RHD6, independent of
TTG and GL2, might yield a more accurate pre-
diction of the phenotype of the g/2 axr2 mutant.
There is no evidence for such a pathway, but this
should be looked for in future experimental
work.

We still need much more molecular and gen-
etic data to further elaborate the model. For
example, it is known that the gene ROOT HAIR-
LESS 1 (RHLI) is an important gene involved in
root hair formation (Schneider et al., 1998).
Nevertheless, we were unable to include this and
other genes in the analysis because the appropri-
ate multiple mutations and molecular evidence
are still not available. Furthermore, available
data already suggest that there are missing genes
in the network proposed here. For example, the
phenotype of cpc ttg double mutants suggests
that GL2 has a basal expression level in the ab-
sence of the inhibition of the CPC active protein
and the activation of TTG/R-homolog pathway.
This suggests that there is another activator of
GL?2 yet to be discovered.

There is another relevant issue regarding the
interpretation of our model. The network in-
cludes many of the regulatory genes that control
the appearance of root hairs, but does not incor-
porate the most downstream target genes and
biochemical pathways that directly affect the
morphological cellular processes underlying hair
formation. Thus, a stable activation pattern of
the network represents the activity only of some
key regulatory genes. These regulatory genes trig-
ger the activation and inhibition of many non-
modeled downstream pathways, which in turn
determine the cellular fate of the epidermal cell.
For example, the activity of the CPC network
element results in the inhibition of GL2, causing
the de-repression of AXR2 and RHD6, which form
part of the proteins leading to the appearance of
root hair. In other words, the molecular events
determine the cellular fate. In contrast, some
authors imply in their schematic representations
that the cellular fate determines the activation
state of some of the genes that are themselves
responsible for cell fate determination (see, for
example, Fig. 1 of Schiefelbein, 1998), such circu-
lar schematic models may lead to considerable
confusion.

Network models like the one presented here
are not appropriate for analysing transient states
of cell differentiation during development. Cell
differentiation in the root epidermis is a continu-
ous process. Macroscopic differences between
trichoblasts and atrichoblasts appear early
during development (Dolan et al.,, 1993, 1994).
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At the proximal end of the root apical meristem
epidermal cells stop dividing and start rapid
elongation. Finally, epidermal cells cease to grow
and trichoblasts and develop root hairs, thus
defining the differentiation root zone. At this
stage, epidermal cells reach a stable state and are
considered to be mature. Different genes seem to
control different stages of this process. For
example, while TT G seems to act early, ethylene
seems to act late (see Scheres, 1996, 1997). How-
ever, once cells reach the stable mature state of
differentiation, the activity of such genetic prod-
ucts should also reach a stable steady state.
Discrete network models are suitable for the pre-
diction of such stable genetic regulatory patterns
observed in mature cells. In the model presented
here, the steady states correspond to the genetic
profiles of trichoblasts and atrichoblasts in the
root epidermis. Therefore, the morphological in-
terpretation of our genetic regulatory network
corresponds only to the differentiation region of
the root. Consequently, our model may not simu-
late the transitory stages of development and
does not consider explicitly the gradient of
cellular differentiation that exists from the root
meristem towards the hypocotyl.

The rapid progress in genetic and experimental
approaches will eventually provide the data to
detail the molecular pathways and cellular mech-
anisms that determine cell fate, cell shape and cell
division during organ development. Also, they
will help to understand how these pathways are
integrated and modulated by external signals.
However, formal approaches will become neces-
sary to provide rigorous spatio-temporal frame-
works to integrate data, and also to elaborate
predictions that link the genetic circuitry under-
lying development with the final morphology of
an organism. Network models will become useful
to link regulatory interaction with other models
that explicitly consider the spatial and cellular
scales. For example, Mjolsness et al. (1991) pro-
posed a model that couples a neural network to
a grammatical model of cellular differentiation.
However, these authors did not apply their
model to any particular biological system. In this
paper, we have shown that cell fate in the root
epidermis is largely determined by positional
signaling. Future models should explicitly incor-
porate such a spatial component using cellular

automata (Ermentrout & Edelstein-Keshet, 1993)
or r-systems (Prusinkiewicz & Lindenmayer,
1990).
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