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Summary
Cell-cell communication is essential for growth and development of multicellular organisms. In
higher plants, the shoot organs are derived from three clonally distinct cell layers present in the
meristem. The role of the outermost L1 cell-layer and its derived epidermis in coordinating growth
of the inner cell-layers has long been debated. This question has been revisited recently using
molecular tools to manipulate cell cycle progression or cell expansion, specifically in the epidermis.
These studies conclude that cells in the epidermis both promote and restrict growth of the entire shoot
by sending growth signals—either physical or chemical— to the inner layers.

Introduction
Multicellular organisms grow and develop as an integrated unit, relying on coordinated
proliferation and expansion processes of individual cells. In higher plants, the shoot meristem
gives rise to all above-ground organs, and has an organized pattern: the outermost layer is the
L1, the cells immediately below comprise the L2, and the inner tissues define the L3 (Figure
1a) [1]. The L1 and L2 divide in a stereotypical manner, predominantly anticlinal to the plane,
whereas the cells in the L3 undergo both anticlinal and periclinal divisions. Simply put, L1-
derived cells form the epidermis and define the shoot/environment interface, the L2 gives rise
to the photosynthesizing cells of the sub-epidermis, and L3-derived-cells comprise the ground
tissues [2]. The extent to which each of these layers contribute to organ size and whether there
is communication between these distinct cell layers has been a matter of interest for over a
century; yet only recently have the molecular toolkits become available to address these
questions in an intact, growing organism [3,4]. A number of techniques have been used to
examine the autonomous or non-autonomous behavior of a specific layer during different
developmental processes, including organ initiation and morphogenesis, regulation of leaf size,
and elongation of stems. Though the details vary, these experiments demonstrate that inter-
cell-layer-communication occurs to a large extent.

In this review, we limit our discussion to the fundamental question: what is the role of the L1
layer in plant growth and development? This seemingly simple question has led to different,
often opposing, conclusions. We review classic studies and focus on novel insights gained
from recent advances using the molecular toolkits now available. In particular we will address
the autonomous and non-autonomous effects of the epidermis on different aspects of cell
division and cell expansion and discuss the various proposals that have been put forward to
explain the non-cell-autonomous role of the L1 in promoting and restricting shoot growth.
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Genetic mosaics reveal inter-cell-layer communication
Our knowledge of cell lineage organization and inter-cell-layer communication has been
gained largely from studies using chimeric plants or genetic mosaics [2,4,5]. These studies rely
on the ability to easily identify two groups of genetically distinct cells. Early support that the
three layers of the meristem are maintained as separate entities and that cells derived from all
layers are all found in the shoot came from treatments of diploid seeds with colchicine.
Colchicine induces polyploid periclinal chimeras (in periclinal chimeras, at least one entire
apical layer is genetically distinct from the others) [1]. Polyploid cells can be distinguished
from unaffected cells based on their large nuclei, thereby allowing a correlation of their
meristematic position with their location in developing organs. Later studies used chlorophyll
as a marker for distinct cells, which could be followed easily in white/green variegated sectors.
As with the early studies, these experiments concluded that in dicots, the L1 layer forms the
entire shoot epidermis, the L2 gives rise to the immediate underlying subepidermal tissue, and
the L3 comprises the remaining inner tissues [4,5]. In summary, tissue organization could be
studied by following cells that are visibly marked with a “neutral” autonomous trait.

Having established that distinct layers of the shoot arise from discrete zones of the meristem,
an obvious and consequential question followed: Is there a developmental significance for the
layer organization? A positive answer can be inferred if a specific cell-layer influences distinct
developmental programs (i.e. initiation, morphology and size) of the entire organ. Indeed, the
aforementioned early genetic mosaics uncovered several cases of “non-autonomous” traits.
For example, in tomato, the L3 layer determines carpel number while the L1 and L2 do not
[6]. Periclinal chimeras from grafting of tobacco species with different leaf morphologies
revealed that both the L2 and L3, but not the L1, control leaf shape [5,7]. In contrast, the
okra mutation in cotton, which modifies leaf shape, affects leaf morphology from both the L1
and L2 [8]. In addition, the L1 dictated flower development in Camellia [9]. Thus, while inter
cell-layer-communication clearly exists, the layer in control varies between different
experiments. This may be due to differences between species, the limitations of the experiment,
or analysis of mutations that affect different traits. Regardless, these observations question the
unique role of the L1 in controlling growth, as predicted by certain mechanical theories and as
discussed next.

The epidermis as a barrier – a biophysical view
Theories of plant growth by mechanical concepts have been documented since the 17th century
(for an interesting treatment of the different theories, see [10]). At the heart of these papers lies
the observation that different isolated tissues exhibit different growth rates, and hence are under
differential tension (Sachs, 1882 and 1875 in [11] and [10] respectively). Plant cells are
immotile and glued together through their walls, necessitating that they grow together. As such,
it was hypothesized that some tissues can grow passively owing to the driving force of the
others. Indeed, various studies using sectioning methods have shown that when a growing stem
is sectioned longitudinally and placed in water, the two halves will curl outward. This is because
the inner layers (pith) are rapidly extended while the outer layers (epidermis and sometimes
the attached underlying cortex) contract. This suggests that the compression of the former and
the tension of the latter were relieved.

Given that cell expansion is not homogeneous within a plant, which tissue controls plant
growth? The answer has been debated. Sachs proposed that the outer layers passively follow
the actively growing inner layers [12] in [10]. Alternative biophysical theories favored a role
for the epidermis in restricting and controlling the rate and direction of plant growth [13,14].
Green hypothesized that the epidermis can “restrain more stress than it generates” [13]. This
argument seems reasonable since the turgor pressure generated and experienced by the inner
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cells is predicted to occur in all directions (because each cell wall is surrounded by walls of its
neighboring cells). In contrast, the cells in the epidermal layer interface with the environment.
Therefore, the wall properties of the epidermis and its ability to counteract internal forces are
expected to influence the extent of growth. In agreement, the outer wall of the epidermis is
thicker (sometimes 5-10 fold) than inner cell walls.

In addition to notable differences in cell wall thickness, the epidermis is highly responsive to
auxin-induced wall extensibility and elongation [14], again emphasizing the importance of the
epidermis for organogenesis and morphogenesis [15]. The genetic mosaic studies described in
the previous section suggest that layers other than the L1 can often control different
developmental aspects. However, as mentioned above, it is not clear where in the signaling
pathway the analyzed gene products are acting to eventually modulate cell proliferation and
expansion and hence where and when the involvement of cell-cell movement of different
players takes place.

Recently, alternative ways to examine the role of a particular layer for growth and development
were used. In one study, the cell wall loosening enzymes, expansins, were shown to induce
turgor-driven cell expansion [16,17]. Local exogenous applications of expansins to the SAM
could induce a primordia-like structure [18]. Later modification of the technique involved local
and inducible expression of an endogenous expansin in the SAM, which led to the initiation
and development of normal leaves [19]. The difference in leaf morphology between these two
experiments was attributed to limited penetration and thus restricted accumulation of the
expansin in the L1 in the former, while expansin was expressed in all layers in the latter [19].
In a different experiment, spatio-temporal examination of the L1 in the SAM by means of laser-
based ablation techniques revealed that it was essential for organ formation [20], since leaf
primordia were not formed at the ablated site. If L1-ablation alleviates the surface barrier, then
this experiment does not support the mechanical prediction upon which cells in the inner layers
are consequently “free” to grow. On the other hand, cell ablation does not interfere solely with
biophysics, as it also disrupts overall cellular processes, including auxin transport, which is
essential for organ formation [21,22]. In summary, biophysical manipulation of the plant
surface was able to guide organ formation, in agreement with the L1 being a mechanical barrier
for growth. However, organogenesis was better programmed if cell walls were modified in all
layers.

Inter-layer coordination of cell proliferation
To manipulate the epidermis independently of the L2 and L3 layers, L1-specific promoters
have been used to express genes of interest. One such a promoter in Arabidopsis, called
AtML1, was used to examine the coordination between the L1 and the inner layers when cell
division was inhibited in the former [23**]. To this end, plants with epidermal expression of
two cyclin-dependent kinase (CDK) inhibitor genes, KRP1/ICK1 and KRP4, were analyzed
(Figure 1c). Over-expression of KRP1/ICK1, as well as additional family members under the
ubiquitous 35S promoter, had been previously shown to inhibit cell division. This was
accompanied by a compensated increase in cell volume, decrease in the overall size of the plant
and altered morphology [24,25]. Similar to their ubiquitous expression, over-expression of
CDK inhibitors in the epidermis resulted in smaller plants. As predicted, cells in the epidermis
were reduced in number with a compensating increased size as compared to control plants.
However, cell numbers in the inner layers, such as cortex and mesophyll, were not different
from the wild type. This intriguing result demonstrates clearly that cells in the inner layers act
independently of cells in the L1. In other words, the L1 cannot send a “stop dividing” signal
to the L2. This lack of inter-layer coordination was further reflected by the distorted orientation
of cell division in the inner layers, likely a result of constrained space.
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In what seems to oppose the CDK inhibitor studies, genetic mosaic analyses with the
HOBBIT (HBT) gene suggest that there is inter layer communication [26*]. HBT is a CDC27
homolog, which encodes a subunit of the Anaphase Promoting Complex or Cyclosome (APC/
C) [27]. Analysis of hbt plants suggests that HBT functions primarily post-embryonically to
maintain normal cell division and expansion Figure 1d) [26*]. Deletion marked sectors
(representing HBT genomic excision) in a hbt rescued mutant were generated using the Cre/
lox system [26*]. Sectors encompassing L1, L2 and L3 layers contained fewer cells with
elongated morphology as compared with the surrounding cells. However, sectors derived from
the L1 of comparable size revealed that cell division was rescued by the presence of wild type
HBT in cells from the underlying layers. In contrast, cell morphology was not. Thus, reduced
cell proliferation attributed to a key player in cell division control could be overcome by a yet
unknown mode of inter-cell-layer communication.

Can the observed differences in cell proliferation coordination be resolved? One possibility is
related to the design of the two experiments. In the KRP1/ICK1, the perturbation in the L1 is
of dominant nature due to overexpression of an inhibitor. In contrast, in the HBT experiment
the perturbation occurs by a loss-of-function. In a scenario where inter-cell-layer
communication involves cell-cell movement of cell-cycle components (from inner layers to
L1), then loss of HBT can be easily rescued. However, such a scenario won't be able to rescue
the high inhibitory activity of KRP1/ICK1. In this regard, it would be interesting to test the
reciprocal situation in which ICK targets (CDKs) are depleted from the L1 (for example by
deletion sectors of CDKA;1 [28,29]). In any case (it could be a signal, or it could be movement
of wild type HBT or its targets), the rescue signal of cell division in the HBT experiment comes
from the L2/L3 layers. An open question is whether L1 can similarly rescue cell division defects
in the inner layers, since the corresponding sectors (and of equivalent size) for HBT have not
been reported.

Another interesting aspect that emerges from L1-specific expression of KRP1/ICK1 is the
reduction in cell size of the underlying cells. Thus, while the L1 cells are larger in size as
compared to wild type (perhaps due to compensation, as mentioned above), cells in the inner
layer (palisade mesophyll) are significantly smaller than their equivalent wild-type cells.
Hence, as opposed to the autonomous behavior of cell proliferation in the L2, cell volume
responds to the mechanical constraints generated by reduced cell number in the L1, in
agreement with the L1 being a barrier for growth (see above). With a similar rationale, can
inner cells expand in response to extension of the outer layer? This question was studied in
early works using exogenous application of auxin and more recently through molecular
manipulation of brassinosteroid signaling or levels, as elaborated next.

Epidermis control of cell expansion – the hormone aspect
Seventy years ago, Thimann proposed that differential tissue tension in cylindrical elongating
organs is a result of differential sensitivity to auxin [11]. Using microsurgery and explants, he
then showed that the inner layers were more sensitive to a given auxin concentration then the
epidermis. In contrast, later experiments concluded that the epidermis (and occasionally the
cortex) was more responsive to auxin than the inner layers, suggesting that the epidermis was
the preferred target of auxin action [14]. These experiments were limited to surgical methods
and exogenous application of hormones to plant segments, which may be the reason for the
large disagreements between different laboratories [30].

In the past 10 years, hormone biosynthetic, catabolic, and response pathway mutants of
Arabidopsis have been identified [31]. This has allowed scientists to revisit the old questions
in an intact organism. One recent paper manipulated the levels and signaling pathway of the
steroid growth hormones, brassinosteroids (BRs) [32**]. These experiments were possible

Savaldi-Goldstein and Chory Page 4

Curr Opin Plant Biol. Author manuscript; available in PMC 2009 January 23.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



because BR biosynthetic and catabolic mutants are known and their corresponding genes have
been cloned [33]. The same is true for the BR receptor, BRI1, and most of the major signaling
components [34]. Interpretation of the results was made easier by the fact that BRs are
predominantly involved in cell expansion, and unlike auxin, do not appear to play an important
role in organ formation and patterning. Thus, restricting biosynthesis and perception of BR to
the epidermis can be used to examine whether inter-cell-layer communication occurs during
the cell expansion phase of growth [32**].

The experiment was to use an L1-specific promoter AtML1 (see above) to drive the expression
of the BR receptor BRI1 or the BR biosynthesis enzyme CPD, in their corresponding dwarf
mutant backgrounds. In both cases, a remarkable rescue of plant growth occurred (Figure 1e).
The cells of the epidermis were rescued to wild-type size, and remarkably, so were the cells in
the L2. Therefore, not only the BR hormone itself, but also BR perception from the epidermis
is sufficient to send growth signals to the inner layers. As opposed to expression from the L1,
targeted expression from the L3 (using a vasculature specific promoter) had a very minor effect
on growth in the case of CPD and almost no effect in the case of BRI1. These experiments
demonstrate that growth, mainly a result of cell expansion, can be controlled by a signal(s)
initiated at the epidermis. In agreement, BES1 (and its closest homolog BZR1), which are
downstream transcription factors in the signaling pathway can also drive plant growth when
are restricted to the L1 in bri1, although to a much lesser extent as compared with CPD or
BRI1.

An important question then is how the ground tissue senses the growing outer layer? The answer
is still unknown. One hypothesis predicts cell-cell movement of a BR signaling component
from the L1 to inner layers. Cell-cell movement of transcription factors through plasmodesmata
has explained various cases of inter-cell-layer communication [35]. Alternatively, cell
expansion could be either restricted or enhanced by mechanical stimuli, as we have mentioned
above. Finally, it is possible that BR mediated growth responses in plants are active
predominantly in the outer layers. In this case, the inner layers of bri1 should maintain their
growth capacity (which is being restricted by the lack of BR activity in the epidermis). Indeed,
BR is required in the outer layer for normal growth. This was shown by expressing the BR
catabolic gene BAS1 in the L1 of wild-type plants, resulting in their significant growth
inhibition [32**].

Different growth hormones may be active in preferential spatial domains. This theory fits the
recent idea according to which plant hormones have very few common downstream targets,
and in some cases regulate distinct members of a given gene family [36]. Hence, detailed
expression patterns combined with functional mapping of other plant hormones should be
tested. Interestingly, in the periclinal chimera of the grapevine Pinot Meunier, the L1 layer has
the dominant mutated allele of the DELLA homolog of the Arabidopsis GAI [37]. This mutation
confers gibberellin insensitivity. In this case, while trichome density is impaired, the size of
Pinot Meunier is indistinguishable from – the non-chimeric variant. However, plants
regenerated from the L1, but not from the L2, are dwarf. The fact that the DELLA mutation
confined to the L1 has no effect on plant growth may be attributed to growth compensation
signal from the underlying tissues. On the other hand, this idea is not in agreement with recent
molecular data that supports the epidermis as a barrier for growth. Another possibility is that
GAI is not important for growth in the L1, but rather in the inner layers. These scenarios await
examination using the toolkits now available.

Conclusions and future perspectives
New molecular studies have provided data that the epidermis can restrict plant growth, as
predicted over a century ago. This occurs through inhibition of cell expansion and may be
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attributed to mechanical constraints. However, if and how mechanotransduction functions
during growth remains to be shown [38*]. In contrast, while the epidermis restricts cell
expansion of underlying layers, it does not affect their cell proliferation program. On the other
hand, in a different experimental context, cell proliferation in the L1 can receive signals from
the underlying layers, suggesting also non-autonomous control of cell proliferation (for
elaborated discussion, see above). It would be interesting to further study the extent of inter-
layer-coordination and examine the consequence for plant growth when cell cycle is
specifically perturbed in the inner layers during different developmental stages.

In addition to the epidermis' role as a barrier, it can also send growth signals initiated by BRs,
to the inner layers. It is now important to determine what is the nature of the signal and how
and where other hormones act to regulate growth. The use of tissue specific promoters is not
a perfect experiment, as they can drive lower or higher expression levels than normally occur.
However, it is a powerful method for generating specific spatio-temporal perturbation in
various processes related to plant growth. Recent advances in the hormone field, including
characterization of hormone receptors, signaling and biosynthesis proteins, as well as collection
of corresponding mutants, provide the basis for follow-up studies. At the same time it will be
important to develop other molecular strategies, for example, to develop sensors that monitor
the activity of a given hormone signaling pathway in real time. Finally, mutants which are
specifically impaired in cell proliferation in the L1 can be used to further address its role in
inter-cell-layer communication [39].
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1. .
Inter cell-later communication during shoot growth. (a) Scheme of the shoot apical meristem
and its cell-layers. L1 and L2 are single layers of cells which divide anticlinal to the plane and
L3 is the remaining cells which divide both anticlinal and periclinal. L1 will form the epidermis,
L2- the subepidermal mesophyll and L3 the inner mesophyll and the ground tissue. (b-e)
Summary of autonomous and non-autonomous signals generated and perceived by the
epidermis. A schematic organization of the cells in the leaf and the leaf phenotype are shown.
(b) Wild-type. (c) Expression of the cell-cycle inhibitor KRP1/ICK1 under the ubiquitous 35S
promoter (35S::KRP1/ICK1, upper panel) and the L1 specific promoter AtML1 (AtML1::
KRP1/ICK1, lower panel). Cells with KRP1/ICK1 expression are marked in red. Note that
when KRP1/ICK1 is confined to the epidermis, cells in the inner layers have the same total cell
number as in wild-type. (d) Deletion sectors of HBT in hbt2311. Sectors are marked in grey.
Note the morphology of the leaf, which is more similar to wild type when sectors are derived
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solely from the epidermis. In this case, cell cycle, but not cell morphology is restored. (e) BR
effects on cell expansion. BR deficient of insensitive mutant (cpd and bri1 respectively) cells
are marked in yellow (upper panel). CPD and BRI1 fused to the yellow or green fluorescence
protein are expressed under AtML1 promoter (AtML1::CPD:YFP and AtML1::BRI1:GFP
respectively, middle panel, blue cells). Note the full rescue of the cell size in inner layers. Lowe
panel, BR biosynthetic enzyme BAS1 fused to YFP expression (purple cells) in wild-type
background. Cell morphology is as predicted, but has not been confirmed experimentally.
Arrow represents unknown non-autonomous signal. Arrow with a cross represents autonomous
behavior.
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