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I he plant cuticle, a dynamic interface

between plants and their environ-
ment, is formed by the secretion of hydro-
phobic lipids and waxes into the outer
wall of aerial epidermal cells. Cuticle for-
mation is such a ubiquitous feature of epi-
dermal cells, and is of such fundamental
importance for plant survival, that iden-
tifying and understanding specific devel-
opmental roles for this structure has been
a major challenge for plant scientists. In
recent work, we have tried to understand
the functional relationships between a sig-
naling feedback loop required for epider-
mal cell specification in developing plant
embryos, and a seed specific signaling
cascade, involving components localized
both in the embryo and in the embryo sur-
rounding endosperm, and necessary for
embryo cuticle function. Analysis of the
strongly synergistic genetic relationships
between these 2 independent pathways,
combined
tions of the behavior of the signaling feed-

with mathematical simula-

back loop, have allowed us to propose an
important, and hitherto unsuspected, role
for the embryonic cuticle as an apoplastic
diffusion barrier, necessary for preventing
the excessive diffusion of developmentally
important signaling molecules away from
developing embryo into surrounding
tissues.

The plant epidermis is a highly special-
ized cell layer which covers all aerial plant
surfaces, and which is characterized by a
number of fundamental traits of which
one of the most important is the secretion
of lipids and waxes into its outer cell wall
(reviewed in !). The continuous hydropho-
bic layer thus formed, called the cuticle,
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has been proposed to fulfil a multitude of
different functions, including protecting
the plant from uncontrolled water loss* and
from damage by both biotic and abiotic
factors.*® In addition the cuticle plays an
important developmental function by pre-
venting adhesion and fusion of developing
organs (reviewed in %). Because the cuticle
is a ubiquitous feature of aerial epidermal
surfaces, and is essential for plant survival,
it has been very difficult to functionally
separate cuticle production and function
from epidermal fate specification in genetic
studies.

In this context, the GASSHO1 (GSO1)
and GSO2 receptor kinases are of particu-
lar interest, as recent studies have shown
that they affect cuticle function specifi-
cally during embryogenesis.*” Double
gsol gso2 mutants produce seedlings which
are highly permeable to hydrophilic dyes,
strongly desiccation sensitive, and which
show cotyledon fusion at rates of between
50 and 80%. These mutants can be res-
cued to produce fertile plants, by culturing
seedlings under highly humid conditions.
Consistent with the fact that GSO1 and
GSO2 are only necessary for cuticle for-
mation in the developing embryo, recent
work has shown that they act in the same
signaling pathway as 2 endosperm specific
proteins, the transcription factor ZHOUPI
(ZOU)® and the subtilisin serine protease
ABNORMAL LEAF SHAPE1 (ALE1)’,
leading to the hypothesis that formation of
a functional embryonic cuticle necessitates
signals derived from the endosperm in the
seed context’.

In  Arabidopsis  thaliana,  epider-
mal fate specification during early
e27491-1
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Figure 1. lllustration of a potential mechanism for the observed role for an apoplastic diffusion barrier (the embryonic cuticle) in robust epidermal
cell fate establishment during Arabidopsis embryogenesis. A signaling feedback loop within the embryo, implicating the receptor kinase ACR4, the
hypothetical ACR4 ligand (L) and the transcription factors ATML1 and PDF2, is established during very early embryogenesis and is necessary for the
maintenance of epidermal fate in the outer cell layer of the embryo. This maintenance depends upon levels of Ligand L which, in the absence of an
apoplastic barrier, is free to move away from the embryo in the apoplast. At around the late globular stage in development, as the endosperm starts
to cellularize, a second signaling pathway involving the receptor-like kinases GSO1 and GSO2 and the endosperm-specific subtilisin protease ALE1
(produced under the control of the bHLH transcription factor ZOU), mediates a reinforcement of the embryonic cuticle, effectively sealing off the
embryo to permit maintenance of high levels of ligand L within the embryo and thus stabilize epidermal cell fate. Solid arrows represent positive
regulation which can be either direct or indirect. ENDO CW = Endosperm Cell Wall, EMBR CW = Embryo Cell Wall.

embryogenesis is controlled by the largely
redundant activity of the protoderm spe-
cific transcription factors ARABIDOPSIS
THALIANA MERISTEM L1 (ATML1)
and (PROTODERMAL FACTOR 2)

PDF2," and it has generally been assumed
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that these proteins, as has been shown for
other members of the HDZIP IV tran-
scription factor family, regulate cuticle
biosynthetic processes as well as other
epidermal traits.!®" In a recent study" we
have shown that these proteins act together
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with the receptor kinase ARABIDOPSIS
CRINKLY4 (ACR4)"" in a feedback loop
which is necessary for the maintenance
of epidermal identity during post embry-
onic growth. In this work' we show that
ACR4, probably acting together with other
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receptors' is necessary for maintaining the
expression levels of ATMLI and PDF2.
During post germinative growth, these
transcription factors in turn feed-back
directly, and negatively, on their own expres-
sion and that of ACR4, a situation which
mathematical modeling suggests would
provide robust epidermal cell fate mainte-
nance in the face of fluctuations in signal-
ing input. Interestingly however, results
both from our work, and from previous
studies,'® suggest that ATMLI and PDF2,
potentially together with other members of
the HDZIP IV transcription factor family,
provide a net positive rather than nega-
tive regulation of their own expression and
that of ACR4 during early embryogenesis.
When this scenario was modeled, it gave
a bi-stable situation in which a decreased
signaling intensity can lead to irreversible
loss of epidermal cell fate." Such a bi-stable
situation in globular embryos is consistent
with the observed rapid loss of epidermal
identity markers, including ATMLI tran-
scripts, in the central cells of the dermato-
gen stage embryo after periclinal divisions
in the octant embryo,'® reviewed in.!

Based on these results, 2 different sig-
naling pathways directly impact epidermal
development during embryogenesis: the
ZOU/GSO1/GSO2/ALEL pathway, and
the ACR4/ATMLI1/PDF2 feedback loop
(Fig. 1). Several studies,*” have shown
that acr4 mutants have strong synergistic
interactions (leading to loss of epidermal
fate and embryo lethality) with zou, alel
and gsol gso2 mutants, suggesting that
the 2 signaling pathways are distinct. We
therefore tested the hypothesis that the 2
pathways converge to regulate the expres-
sion of ATMLI and PDF2. Surprisingly,
contrary to what had previously been pro-
posed in the literature, we showed that the
ZOU/GSO1/GSO2/ALEL! pathway in fact
controls embryonic cuticle properties inde-
pendently of the activities of ATMLI and
PDEF2 .

Although novel, this finding leaves the
strong synergistic interaction observed
between the GSO1/GSO2/ALEl path-
way, and the ACR4/ATML1/PDF2 feed-
back loop unexplained. Although it has
been shown that most “between path-
way” mutant combinations (for example
acr4 alel, gsol gso2 acr4 or gsol gso2 pdf2)
are embryo lethal,"*'” a possible clue to
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the question resided in the double pdf2
alel mutants. Single mutants in either
gene produce normal looking plants and
seedlings with extremely subtle defects in
cuticle permeability. In contrast, about
20% of double mutant embryos arrest
early in embryo development showing
serious epidermal disorganization, while
the rest produced abnormal seedlings
which were highly permeable to hydro-
philic dyes, and showed cotyledon stunt-
ing and notching. Despite these defects,
if transferred to soil under humid condi-
tions, these seedlings gave rise to normal
looking plants. This mutant combina-
tion thus reveals a developmental thresh-
old which occurs at around the globular
stage in embryogenesis, and at which epi-
dermal identity appears to be either stabi-
lized to allow subsequent development, or
irretrievably lost. Interpreted in the light
of our mathematical models, it therefore
appears that even weak defects in cuticle
reinforcement at this specific stage are
enough to flip the bistable switch to the
“no epidermis” state in the outer cell layer
of young embryos in which the ACR4/
ATMLI1/PDF2 feedback loop establish-
ing epidermal identity is compromised.
In order to understand why embry-
onic epidermis formation is particularly
sensitive to cuticular perturbations, it is
necessary to consider its developmental
context. We have previously proposed
that the specific need for cuticle rein-
forcement in zygotic embryos could
be engendered by the fact that they
develop surrounded by the developing
endosperm, which is not thought to be
cuticularized.””” However, the develop-
mental role of this reinforcement early
in embryogenesis has remained unclear.
Our study may shed light on this issue,
since the activity of the ACR4/ATML1/
PDF2 feedback loop in our mathematical
models is assumed to involve an ACR4-
binding, apoplastically located, ligand
which to date remains unidentified.
Because this feedback loop is active both
during and after embryogenesis, it is rea-
sonable to assume that the ACR4 ligand
must be produced within the embryo
and accumulate within the embryonic
apoplast. We propose then, that the sto-
chastic loss of epidermal identity in a

background in which both the ACR4/
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ATMLI1/PDF2 feedback loop and cuti-
cle formation are compromised, could
reflect a role for the embryonic cuticle
in preventing the diffusion of apoplastic
signaling molecules, including the ACR4
ligand, out of the developing embryo,
and into apoplast of the surrounding
endosperm. Thus, by cutting apoplastic
bridges between the embryo proper and
the endosperm, the cuticle could play a
critical role in concentrating the ACR4
ligand within the embryonic tissues,
and maintaining ACR4 signaling activ-
ity at high enough levels to permit the
maintenance of epidermal cell fate speci-
fication in developing embryos, even in
backgrounds where the signaling loop is
compromised (Fig. 1)

A logical prediction from this model
is that loss of embryonic cuticle bio-
synthesis alone should critically com-
promise the maintenance of epidermal
identity. Cuticle defects in alel-4 or
gsol gso2 double mutants do not appear
to significantly destabilize an uncom-
promised ACR4/ATMLI1/PDF2 feed-
back loop. Interestingly, however, loss of
function alleles in the Acetyl-Coenzyme
A Carboxylase encoding ACCI gene,
which has recently been shown to play
a non-redundant role predominantly in
the biosynthesis of cuticular waxes in
Arabidopsis,*® show embryo developmen-
tal defects which are startlingly similar
to defects reported for double mutants
between certain alleles of ATMLI and
PDF2,"° including lack of cotyledon ini-
tiation and disruption of cell organiza-
tion in apical regions of the embryo.”
However, a loss of epidermal identity in
these mutants remains to be proven.

In summary, although further studies
will be required to confirm our hypoth-
esis, including quantitative expression
analysis of epidermal markers specifically
during the early stages of embryogenesis
in a variety of backgrounds, our results
have permitted us to put forward one
of the first propositions for a concrete
molecular mechanism underlying the
developmental role of an apoplastic dif-
fusion barrier in plants.
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