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Abstract

As the outermost layer of plants, the epidermis serves as a critical interface between plants and the environment. During
leaf development, the differentiation of specialized epidermal cell types, including stomatal guard cells, pavement cells, and
trichomes, occurs simultaneously, each providing unique and pivotal functions for plant growth and survival. Decades of
molecular-genetic and physiological studies have unraveled key players and hormone signaling specifying epidermal differ-
entiation. However, most studies focus on only one cell type at a time, and how these distinct cell types coordinate as a
unit is far from well-comprehended. Here we provide a review on the current knowledge of regulatory mechanisms under-
pinning the fate specification, differentiation, morphogenesis, and positioning of these specialized cell types. Emphasis is
given to their shared developmental origins, fate flexibility, as well as cell cycle and hormonal controls. Furthermore, we dis-
cuss computational modeling approaches to integrate how mechanical properties of individual epidermal cell types and en-
tire tissue/organ properties mutually influence each other. We hope to illuminate the underlying mechanisms coordinating
the cell differentiation that ultimately generate a functional leaf epidermis.

Introduction

The epidermis is the outermost cell layer surrounding the
plant body and serves a range of essential functions, includ-
ing protection, regulation of growth, and interactions with
the environment (Glover, 2000; Javelle et al, 2011). In the
leaf, the epidermis plays many important roles including reg-
ulating the exchange of gases, water, and nutrients with the
surroundings, responding to external threats such as
pathogens, herbivores and abiotic stresses, resisting

mechanical strain, detoxifying xenobiotics, and contributing
to mechanical strength while allowing the flat and flexible
shape necessary for maximum light capture (Glover, 2000;
Javelle et al, 2011; Staff et al, 2012; Jacques et al, 2014
Sotiriou et al., 2018; Cavé-Radet et al, 2020).

To achieve these many functions, leaf epidermal cells
are specialized for specific roles according to their size
and shape. This tissue, therefore, develops as a patchwork
of cells with various sizes and shapes, not just positioned
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precisely the across the leaf surface, but also varying in
their degree of 3D protrusion according to the cell type
(Figure 1). An additional complexity is the presence of a
multilayered leaf epidermis in certain species such as Ficus
and Peperomia (Becraft, 1999). Nevertheless, these cells fit
together in an impressively organized manner to contrib-
ute to survival and fitness of the plant. Furthermore, the
positioning and shapes of leaf epidermal cells are aligned
with the underlying mesophyll and vascular tissues. This
requires intricate coordination of cell division, specifica-
tion, and expansion. However, for the most part, these
cell types have been studied more or less individually,
with little focus on how such highly orchestrated pro-
cesses are regulated at the tissue/organ level.

Many kinds of epidermal cell types exist in diverse plant
species to achieve specialized functions and/or adaptation
to extreme environments. Such cell types include hydathode
pores for water pressure adjustment (Torii, 2021), bulliform
cells in grasses contributing to leaf rolling/unrolling (Mader
et al, 2020), subsidiary cells supporting efficient stomatal
turgor movement in grasses (Gray et al, 2020), and salt
glands of halophytes for secreting excess salt (Yuan et al,
2015), among others. Herein, we will discuss what we know
so far about cell fate specification and coordination of divi-
sion and growth amongst the three main leaf epidermal cell
types: pavement cells, guard cells, and trichomes (Torii,
2021). We will summarize the main findings regarding the
origins, specification, positioning, and shaping of these cells,
as well as their relations to one another, to shed light on
the coordinated development of the leaf epidermis as a
whole.

Cells constituting the leaf epidermis

All epidermal cells of a plant arise from the embryonic proto-
derm. The protodermal cells of a young leaf may differentiate
directly into pavement cells or trichomes, or instead differen-
tiate into meristemoid mother cells (MMCs) that indirectly
give rise to pavement cells and stomata by generating stoma-
tal cell lineages (Larkin et al, 1996; Geisler et al, 2000) (see
“Coordination of Leaf Epidermal Cell Patterning”). In the
developing Arabidopsis (Arabidopsis thaliana) leaf, a wave of
evolving epidermal cell stages is found along the surface, from
the base toward the tip (Pyke et al, 1991; Becraft, 1999;
Gonzalez et al, 2012). While the base is composed mainly of
dividing, undifferentiated protodermal cells, distal to this re-
gion, differentiating cells start to become more and more
prominent. Meanwhile, cell expansion begins to occur, in-
creasing with proximity to the leaf tip, while fully developed
cells become more commonplace. The first fully differentiated
cells, therefore, appear toward the leaf tip (Larkin et al,, 1996)
and the wave of cell differentiation and development moves
its way along the leaf surface toward the base until the entire
leaf is fully expanded and all epidermal cells are fully devel-
oped (Liu et al, 2021).
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Figure 1 Arabidopsis leaf epidermis and cell types. A-F, Representative
images of the adaxial (A), (C), and (E) and abaxial (B), (D), and (F) epider-
mis of the third true leaf of 2-week-old Arabidopsis seedlings. Maximum
fluorescence intensity projections of confocal z-stacks of the endoplasmic
reticulum marker line 355:GFP-HDEL (Haseloff et al,, 1997) are shown for
cell visualization. Scale bars represent 100 um. The images in (C-F) corre-
spond to the yellow insets in (A-D), respectively. G and H, Drawings of
the cell outlines shown in (E) and (F), respectively, with representative
cell types false colored to match with (I). Green asterisks in (C) indicate
representative socket cells. Orange double arrows in (A), (B), and (D) in-
dicate the location of a midvein, where pavement cells are rectangular
and stomatal development is restricted. |, Representative drawings of tri-
chome (magenta), pavement cell (gray), and stoma with paired guard
cells (green)/stomatal complex (with SLGCs light gray). SLGCs are ar-
ranged in a spiral manner to form an anisocytic stomatal complex.
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Pavement cells

Pavement cells can be considered the basic or ground cells
of the leaf epidermis, which can grow to be quite large and
can vary in shape from isodiametric or rectangular forms to
complex, lobed forms—often referred to as jigsaw puzzle
shapes. Pavement cells do not appear to have specialized to
play one particular role, but have been suggested to possess
a range of functions, including spacing out other epidermal
cells and contributing to epidermal integrity, mechanical
strength, and resistance to mechanical stresses (Staff et al,
2012; Jacques et al, 2014; Szymanski, 2014; Sapala et al,
2018). In Arabidopsis seedlings, the pavement cells overlying
the midvein are elongated, while the socket cells, those sur-
rounding the trichome bases, are more square or rectangular
in shape (Figure 1). However, the vast majority of the pave-
ment cells in this species develop lobes and necks that inter-
lock perfectly with those of their neighbors, creating a
fascinating jigsaw puzzle-like effect (Figure 1). Highly lobed
pavement cells also occur in a number of other species, in-
cluding maize (Zea mays), rice (Oryza sativa), and many
ferns (Sotiriou et al, 2018; Vofély et al, 2019 Liu et al,
2021). However, a quantitative survey of pavement cells in
vascular plants revealed that species displaying highly lobed
pavement cell margins are actually rather rare across most
clades, including eudicots, monocots, and gymnosperms
(Vofély et al, 2019).

Stomatal guard cells

Dispersed amongst a sea of protective “air-tight” pavement
cells, pairs of stomatal guard cells form microscopic valves
in the leaf surface through which photosynthetic machinery
in the leaf’s interior can interface with the external environ-
ment. A pair of mirror-symmetric guard cells control each
stomatal aperture (Figure 1) to regulate gas and water ex-
change in response to hormonal, metabolic, and environ-
mental inputs (Becraft, 1999; Pillitteri and Dong, 2013; Qi
and Torii, 2018). Additionally, stomata serve as an important
first line of defense against pathogens as well as adverse abi-
otic insults (Sawinski et al, 2013). Because stomatal shape
and size, as well as density and spatial arrangement through-
out the leaf, can impact gas exchange and water-use effi-
ciency (Bertolino et al, 2019), the development of stomata
is a tightly regulated process while their density and pattern-
ing can be flexibly adjusted by diverse environmental input
(Qi and Torii, 2018). In Arabidopsis, each stoma forms in an
anisocytic complex, with several nonstomatal epidermal cells
(known as stomatal lineage ground cells [SLGCs]) surround-
ing the paired guard cells (Figure 11).

Trichomes

In general, trichomes are large, rigid, hair-like protrusions
(Figure 1) that extend from the shoot epidermis, including
the stem and adaxial (upper) leaf epidermis, creating a pro-
tective physical barrier against insects and abiotic stresses
(Becraft, 1999). Trichomes exhibit a range of features, func-
tions, and localization patterns among different species and
within an organism or even a single leaf. Glandular
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trichomes produce and secrete a variety of metabolites,
which serve various functions including growth/maturation
regulation, pathogen defense, insecticidal or insect repelling
(or insect trapping, in the case of carnivorous plants), irri-
tants against larger herbivores, and UV light protection
(Huchelmann et al, 2017). In Arabidopsis, trichomes are
nonglandular and are unicellular with three branches
(Figure 11).

Diversity of leaf epidermal cell patterning

Most plant species have bifacial leaves, meaning that they
display different epidermal cell arrangements, distributions,
sizes, and shapes on the adaxial (upper) and abaxial (lower)
leaf sides (Becraft, 1999; Figure 1). This is associated with dif-
ferent internal mesophyll tissue architectures (palisade ver-
sus spongy) in typical dicot leaves and reflects the
important evolutionary influence of environmental condi-
tions on epidermal cell patterning. For instance, the adaxial
surface is usually more prone to pathogen, insect, and herbi-
vore attack, and therefore often develops trichomes; in
Arabidopsis, trichomes are predominantly on this side
(Figure 1). In contrast, the more shaded abaxial side often
develops more stomata to avoid excessive moisture loss, as
occurs in Arabidopsis. In some species, such as poplar, sto-
mata develop only on this side (Liu et al, 2021).
Furthermore, in many species with lobed pavement cells, in-
cluding Arabidopsis, interdigitation is more pronounced on
the abaxial side (Vofély et al, 2019; Liu et al, 2021; Figure 1).
The wide variety of leaf epidermal cell patterns among dif-
ferent species is likely the result of evolutionary adaptations
to different growth conditions and lifestyles. However, leaf
epidermal cell densities, positions, shapes, and sizes can also
display a high level of plasticity within a single plant or or-
gan and often develop differently among individuals of the
same species according to various growth conditions.

Coordination of leaf epidermal cell patterning

While trichomes and about half of pavement cells develop
directly from protodermal cells, stomata result from a multi-
stage differentiation program, initiating in the protoderm as
meristematic stomatal lineage cells (Larkin et al, 1996;
Geisler et al,, 2000). Divisions within the stomatal lineage are
responsible for generating mature stomata as well as the
remaining ~50% and 70% of pavement cells in the leaf and
the cotyledon, respectively, in Arabidopsis (Geisler et al,
2000). The first stomatal lineage cell arises from the asym-
metric division of a single MMC, which results in a meriste-
moid and SLGC (Zhao and Sach, 1999; Shpak et al, 2005).
The meristemoid then continues to divide asymmetrically in
a spiral manner, each time producing a meristemoid and
SLGC (Zhao and Sach, 1999; Figure 1). Variability in the
number of asymmetric divisions of each meristemoid pro-
vides an important means of flexibility in epidermal cell pat-
terning, allowing plasticity in response to environmental
conditions. While the meristemoid ultimately differentiates
into a guard mother cell (GMC; guard cell precursor), SLGCs
begin to form lobes and transition into pavement cells. The
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GMC divides once symmetrically to form the two guard
cells of a stoma (Zhao and Sach, 1999). In this way, the sur-
face of a developing leaf becomes peppered with spiral ani-
socytic stomatal complexes (Figure 1) which, together,
control the distribution and positioning of the various epi-
dermal cell types. Interestingly, SLGCs maintain pluripotency,
as they too can divide asymmetrically to generate a new
meristemoid that leads to the formation of a satellite stoma,
a process that is also important for stomatal positioning
(Geisler et al,, 2000) and which also contributes to the plas-
ticity of epidermal patterning.

Inner tissues subtending the epidermis play an important
role in epidermal development, promoting stomata above
photosynthetic mesophyll to facilitate gas exchange, while
restricting stomatal development directly over major veins
where pavement cells are less interdigitated and more elon-
gated (see Figure 1). In Arabidopsis, the developing meso-
phyll layer produces STOMAGEN, a secreted paracrine
signaling peptide that promotes stomatal development in
the adjacent epidermis (Sugano et al, 2010). The relation-
ship between subepidermal bundles and stomatal patterning
is more evident in grass species, where stoma-producing epi-
dermal cell files usually arise above both sides of vascular
bundles (Nunes et al, 2020). This suggests that mobile sig-
nals emanating from vascular bundles may promote stoma-
tal development in the epidermis. Indeed, heterologous
overexpression of the maize mobile transcription factor
ZmSHORTROOT in rice vasculature conferred excessive
rows of stoma-producing cell files (Schuler et al, 2018).

The degree to which different epidermal cells impact each
other’s development is largely unknown, but several observa-
tions offer a few key insights. For instance, pavement cells
seemingly arise in the absence of trichome or stomatal
lineage-activating signals, suggesting that the balance of epi-
dermal cell types is at least partially controlled by signal-
dependent fate segregation in the protoderm, although the
flexible supply of pavement cells relies on stomatal cell line-
ages (Geisler et al,, 2000). Further, the number, organization,
and shape of pavement cells are impacted by cells of the
stomatal lineage, which regulate auxin flow to control differ-
entiation and lobe development (Grones et al.,, 2020), while
also generating roughly half of the pavement cell population
through spiraled asymmetric divisions. Trichomes may also
directly impact other epidermal cells, as the shapes of
socket, cells suggest that trichomes restrict both the local
expansion of pavement cells and the formation of stomata
in this zone.

Epidermal cell development and
morphogenesis

Over the past few decades, intensive research into the genetic
regulation of stoma and trichome development, primarily in
Arabidopsis, has revealed many details of feedback-regulated
molecular signaling pathways controlling cell fate, patterning,
and differentiation. Homeodomain-leucine zipper IV transcrip-
tion factors MERISTEM LAYERT and PROTODERMAL
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FACTOR2 were identified as critical regulators specifying the
multipotent protodermal cell fate (Lu et al, 1996; Abe et al,
2003; Figure 2). Subsequently, stomatal lineage cells initiate
and differentiate from protodermal cells in response to the
sequential action of three basic Helix-Loop—Helix (bHLH)
transcription factors, and, independently, trichome initials are
specified by a regulatory complex composed of Myb, bHLH,
and WD-40 proteins (Schellmann and Hilskamp, 2005; Lee
and Bergmann, 2019; Torii, 2021).

It is less clear whether pavement cell specification requires
a specific gene regulatory program. Several genes preferen-
tially expressed in pavement cells, such as those encoding
epicuticular wax and cutin components, have been identi-
fied (Aarts et al, 1995; Bird and Gray, 2003). A more recent
study shows that the transcription factor TEOSINTE
BRANCHED 1, CYCLOIDEA, and PROLIFERATING CELL
FACTOR1/2 4 (TCP4) promotes pavement cell differentia-
tion via auxin-dependent and independent pathways (Challa
et al, 2019). It would be interesting to test whether TCP4-
mediated gene regulatory cascades feed into the pavement
cell morphogenesis pathways (Figure 2).

Master regulators of stomatal development

Stomatal development is governed by the sequential action
of the three master regulatory bHLH transcription factors
SPEECHLESS (SPCH), MUTE, and FAMA, together with their
heterodimeric binding partners SCREAM1 (SCRM1) and
SCRM2 (Ohashi-lto and Bergmann, 2006; MacAlister et al,
2007; Pillitteri et al, 2007; Kanaoka et al, 2008). Together,
SPCH-SCRM, MUTE-SCRM, and FAMA-SCRM complexes
coordinate the differentiation of sequential stomatal stages
to create a symmetric pair of stomatal guard cells surround-
ing a pore (Figure 2).

A subset of protodermal cells express and accumulate
SPCH proteins at a sufficient level to enter the stomatal line-
age, becoming MMCs (meristemoid precursors). SPCH-
SCRM heterodimers induce a subset of genes encoding
peptide-receptor signaling components, such as TOO
MANY MOUTHS (TMM) and EPIDERMAL PATTERNING
FACTOR2 (EPF2), that repress meristemoid fate in neighbor-
ing cells (Lau et al, 2014; Han et al, 2018). Initial decisions
to enter the stomatal cell lineage are coordinated by the
mesophyll-derived peptide EPF-LIKE9/STOMAGEN as well as
EPF2, both of which competitively bind to the same recep-
tor complex, ERECTA and TMM (Nadeau and Sack, 2002;
Shpak et al, 2005 Sugano et al, 2010; Lee et al, 2015).
Perception of EPF2 leads to the activation of a MAPK cas-
cade comprised a MAPKKK (YODA [YDA]), MAPKKs
(MPK4/5), and MAPKs (MPK3/6) which phosphorylate and
destabilize SPCH-SCRMs in cells neighboring MMCs and
meristemoids, thereby limiting the density of incipient
MMCs (Wang et al, 2007; Lampard et al., 2008; Horst et al.,
2015; Figure 2). MMCs initiate asymmetric cell divisions
(ACDs), maintaining the meristemoid stem cell-like fate in
the smaller daughter cell via retained SPCH protein accumu-
lation, while SPCH-SCRM complexes are destabilized in the
larger daughter cell (the SLGC) by local sequestration and
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Figure 2 Regulatory pathways of epidermal cell fate specification, differentiation, and morphogenesis. Trichomes (magenta), pavement cells
(gray), and stomata (green) as well as stomatal precursor cells (meristemoids, jade green, GMCs, light green) are all originated from protodermal
cells (white). Genes (dark gray) and key regulatory components (blue) specifying each process (activation as arrows; inhibition as T-bars) are indi-
cated. Solid arrows/T-bars represent known direct regulation, and dotted arrow/T-bars represent indirect relationships. Stomatal differentiation
program gives rise to SLGCs (light gray) which can generate both pavement cells and stomatal precursors, and are therefore placed in between
these two developmental programs. For details of individual genes and cellular processes, see the text. Fate Specification: a process in which an
undifferentiated precursor cell acquires a specific fate. Differentiation: a process whereby a given cell becomes a specific (different) cell type.
Morphogenesis: a cellular process to elaborate specific cell shape, size, and morphology to function as a specific cell type.

activation of the YDA MAPK cascade (see “Bistability in the
stomatal lineage”; Zhang et al, 2015, 2016; Putarjunan et al,,
2019; Figure 2).

The second bHLH protein, MUTE, drives the transition
from stem cell-like meristemoid to differentiating GMC
(Pillicteri et al, 2007; Figure 2). MUTE-SCRMs activate the
expression of a large cohort of differentiation-related and
cell cycle genes, and together with FAMA, control the timely
differentiation and symmetric division creating a functional
stoma (Han et al, 2018). FAMA, along with Myb protein
FOUR LIPS (FLP), epigenetically represses SPCH and MUTE
expression, thereby stabilizing the mature guard cell fate
(Hachez et al, 2011; Lee et al, 2014b; Matos et al, 2014;
Figure 2) (see “Coordination of terminal guard cell division
and differentiation”).

Bistability in the stomatal lineage

Asymmetric fate acquisition during meristemoid divisions
reflects the dual potential of stomatal lineage cells, which
can also be observed in nascent SLGCs—either assuming
pavement cell fate or undergoing another round of asym-
metric divisions to produce a secondary meristemoid.
Asymmetric division within the stomatal lineage is mediated
by the intrinsic polarity complex (Guo et al, 20213
Figure 2). In the MMC, this protein complex includes
POLAR LOCALIZATION DURING ASYMMETRIC DIVISION
AND REDISTRIBUTION, BREAKING OF ASYMMETRY IN
THE STOMATAL LINEAGE (BASL), and BREVIS RADIX,
which likely prevent nuclear localization of BIN2, thus
“protecting” SPCH protein accumulation (Dong et al,, 2009;
Pillitteri et al,, 2011; Houbaert et al, 2018; Rowe et al, 2019).

During the asymmetric division, these polarity complexes
are maintained and inherited by the SLGC daughter cell. In
SLGCs, the BSL1 phosphatase likely displaces BIN2, allowing
it to localize to the nucleus to inhibit SPCH, and at the
same time, dephosphorylate YDA to resume the active state
of the MAPK cascade (Guo et al, 2021b). Both BIN2 and
MAPKs phosphorylate SPCH, and this leads to SPCH protein
degradation, which is generally followed by the differentia-
tion into a pavement cell (Zhang et al, 2015, 2016; Gong et
al, 2021; Figure 2). It is thus likely that the strength and sus-
tained duration of BIN2/MAPK activity are critical for SLGCs
to maintain their bipotent state.

Whereas these intrinsic polarity proteins are central to the
ACD of stomatal-lineage cells, their localization and function
are influenced by the supracellular environment. For example,
BASL localization shifts to the membrane adjacent to the
existing stoma prior to the asymmetric spacing division to
maintain one cell spacing (Dong et al, 2009). This process is
under the influence of EPF-(ERECTA)/TMM cell—cell signaling
pathways, given that BASL mis-localizes to a “wrong” position
in the epf1 and tmm mutant backgrounds (Dong et al., 2009).
In addition, tissue-wide mechanical forces, as well as long-
range chemical signals, play a role in orienting the polarity of
asymmetric divisions (Bringmann and Bergmann, 2017).

Is there any molecular link between cell-cell signaling and
cellular mechanics? Very recent work has identified that the
expression of MYB16, a regulator of cutin biosynthesis, is
enriched in SLGCs and negatively regulated by SPCH (Yang
et al, 2021). Ectopic expression of MYB16 in meristemoids
led to stomatal clustering, thereby supporting a decades-old
hypothesis that cuticular wax plays a role in restricting local
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cell-cell signaling or maintenance of a specific mechanical
framework between stomatal lineage cells (Bird and Gray,
2003; Figure 2). Through a subtractive approach, genes
enriched in SLGCs have been reported, and their characteris-
tics imply a bistable “latent” state of SLGCs (Ho et al, 2021).
It remains to be seen whether specific molecular regulators
of pavement cell specification and differentiation can be in-
ferred from such studies.

Genetic regulation of trichome specification and
differentiation

Trichomes are initiated in an evenly distributed manner
from the pool of protodermal cells in a developing leaf.
Trichome fate is specified and directed by thehomeoodo-
main-leucine zipper (HD-ZIP) transcription factor GLABRA2
(GL2), which reaches sufficient levels to specify trichome ini-
tials with an average spacing of about three cells between
each developing trichome (Hulskamp et al, 1994; Larkin et
al, 1996). The regular, 2D spatial pattern of trichome devel-
opment is established by lateral inhibition, whereby a core
transcription factor complex consisting of GL1 (an
MYBR2R3 protein), GL3 (a bHLH protein), and its paralogs
ENHANCER OF GL3 (EGL3) and MYC1, as well a WD40-
repeat protein, TRANSPARENT TESTA GL1 (TTG1), induce
the expression of the trichome activator GL2, as well as a
family of short MYBR3 proteins that function as diffusible
repressors of trichome initiation (Larkin et al, 1996; Walker
et al, 2000; Schellmann and Hilskamp, 2005; Zhao et al,
2012; Figure 2). The short MYBR3 proteins TRIPTYCHON
(TRY) and CAPRICE (CPC) are capable of moving to neigh-
bor cells via plasmodesmata, where they competitively dis-
place the transcriptional activator GL1 from the GL1-GL3/
EGL3-TTG1 complex, switching the complex from an acti-
vator to a repressor of trichome fate (Schellmann and
Hilskamp, 2005; Figure 2).

Establishment of the trichome initial patterning is reminis-
cent of Turing reaction—diffusion dynamics, whereby tri-
chomes can initiate a pattern in a self-sufficient manner
through the cell-cell movement of long-range transcriptional
inhibitors and short-range transcriptional activators (Torii,
2012). Does cell-to-cell trafficking of trichome regulatory mol-
ecules operate independently of other epidermal fate specifi-
cation processes? Interestingly, differentiation of multiple
epidermal cell types can be regulated by a single transcription
factor. For example, in addition to pavement cell differentia-
tion (see above), TCP4 regulates trichome branching by di-
rectly activating GLABROUS INFLORESCENCE STEMS, which
inhibits trichome branching independent of the endoredupli-
cation pathway (Vadde et al, 2018; Figure 2). Therefore, coor-
dinated differentiation of multiple epidermal cell types may
involve shared transcription factor modules.

Coordinated genetic regulation of leaf epidermal
cells

Very little evidence has been produced regarding the inte-
gration and antagonism between gene regulatory networks
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governing development of the different epidermal cell types.
In the leaf protoderm, the sequence of cellular specification
is unclear, but the rigid evenly-spaced activation of trichome
fate by the GL1-GL3/EGL3-TTG1 complex seems to be un-
affected by stoma position, suggesting that trichome initia-
tion may precede (or supersede) the formation of the other,
more plastic cell types. It would logically follow that nontri-
chome cell types are able to differentiate into meristemoids
and enter the stomatal lineage pathway by activation/stabili-
zation of SPCH, or, in the absence of SPCH, differentiate
into pavement cells. This sequential fate segregation logic
implies a mutually exclusive, hierarchical role for master reg-
ulatory transcription factors in the protoderm.

However, phenotypic analyses of mutants in which indi-
vidual developmental pathways are affected have highlighted
a complex regulatory relationship that may fine-tune the
balance between epidermal cell types. For example, constitu-
tive activation of SCRM in the scrm-D mutant, which pro-
motes the accumulation of stomatal bHLH master
regulatory heterodimers, produces leaves composed entirely
of stomata, suggesting that stomata specification is not sub-
sequent to trichome patterning (Kanaoka et al, 2008).
Moreover, the SPCH protein directly binds to the promoter
regions for and upregulates the transcription of the
trichome-associated factors MYC1 and ENHANCER OF TRY
AND CPC3 (ETC3), a seemingly contradictory finding that
suggests SPCH may function to initiate both trichome and
stomatal lineage cell development (Adrian et al, 2015).
However, spch null mutants, which are devoid of stomata,
produce trichomes in the epidermis of rosette leaves
(MacAlister et al, 2007; Hara et al, 2009). Interestingly,
trichome-associated factor ETC2 is highly expressed in sto-
mata and stomatal lineage cells and loss of MYC1 results in
slightly higher stomatal index (Adrian et al, 2015), suggest-
ing further overlap. On the contrary, cotyledons of etc2
mutants and try cpc etc2 triple mutants do not appear to
show stomatal patterning defects (Kirik et al, 2001). These
conflicting observations suggest that the molecular logic un-
derlying these pathways may have once been integrated, but
have since become uncoupled as the differentiation path-
ways diverged.

In contrast, a very recent study in maize proposed that
leaf epidermal stomata and trichomes share a common pre-
cursor cell, and the two fates are segregated by the activity
of SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE pro-
teins ZmSPL10/14/26 in incipient trichomes. In ZmSPL10/14/
26 triple mutants, the epidermis not only lacks trichomes,
but the cells that would normally become trichomes instead
differentiate into stomata, suggesting that stomatal develop-
ment may be the default in maize (Kong et al, 2021).

Intriguingly, a reciprocal relationship is observed in
Brachypodium, whereby stomataless mutants, which lack the
functional SCRM ortholog BdICE1, produce other epidermal
cell types normally, including hairs, pavement cells, and silica
cells (Raissig et al, 2016). In Arabidopsis, a failure to main-
tain trichome fate by the ectopic expression of cyclin-
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dependent kinase inhibitor (CKI) KIP-RELATED PROTEIN1
results in transdifferentiation from trichomes into pavement
cell-like cells (Bramsiepe et al., 2010). These lines of evidence
suggest that different species and tissues likely specify a de-
fault ground cell, and that the core regulatory logic underly-
ing each of these different cell fates is at least partially
integrated.

The pavement cell may represent the ground state cell.
For instance, the spch mutant epidermis differentiates jig-
saw puzzle-shaped pavement cells despite the absence of
meristemoids and stomata (MacAlister et al, 2007;
Pillitteri et al, 2007). Yet, SPCH activities are required to
increase the pavement cell numbers via supplying SLGCs
(see above), suggesting regulatory overlap with the stoma-
tal lineage. Additionally, studies have shown that pave-
ment cells share downstream morphogenetic factors with
trichomes, including the transcription factor TCP4 and
the small GTPase family Rho of Plants (ROPs; Fu et al,
2002, 2005) (see Figure 2 and “Genetic Coordination of
Pavement Cell Interdigitation” below).

Genetic coordination of pavement cell
interdigitation
To date, investigations into molecular signaling in pavement
cells have primarily focused on the regulation of the unique
puzzle shape they form in Arabidopsis. Our current under-
standing of the genetic regulation of pavement cell shape
primarily centers on two distinct ROP signaling pathways:
one controlling the formation of lobe regions and the other
restricting growth of the neck regions of the cell perimeter
in Arabidopsis. In the lobes, the redundant ROPs 2 and 4
are thought to promote cell expansion by inducing local
cortical F-actin assembly via the activation of the ROP-
interactive CRIB motif-containing (RIC) protein, RIC4 (Fu
et al, 2005, 2009; Figure 2). Downstream of ROP2/4-RIC4,
the suppressor of cyclic AMP receptor/Wiskott—Aldrich syn-
drome protein family verprolin homologous (SCAR/WAVE)
complex activates the actin-related protein2/3 (ARP2/3)
complex (Frank et al, 2004; Basu et al, 2005 Zhang et al,
2008), a nucleator of actin filament polymerization (Le et al,
2003; Li et al, 2003; Mathur et al, 2003; Figure 2). On the
other hand, in the neck regions, ROP6 is thought to locally
inhibit cell growth by activating RIC1, which interacts with
the KATANINT subunit of the microtubule-severing enzyme
katanin, thereby promoting cortical transverse microtubule
alignment (Fu et al, 2009; Lin et al,, 2013; Figure 2).
Upstream of ROPs, the guanine nucleotide exchange
factor (GEF) SPIKE1, a member of the dedicator of cytoki-
nesis GEF family, is thought to act as an activator of these
signaling pathways during pavement cell shape regulation
(Qiu et al,, 2002; Basu et al., 2008; Figure 2). Importantly,
evidence suggests that the ROP2/4-RIC4 and ROP6-RICT1
mechanisms are antagonistic, with ROP2 inhibiting RIC1-
induced microtubule alignment in the lobes and RIC1
suppressing ROP2-RIC4 in the necks (Fu et al.,, 2005, 2009;
Figure 2). This provides feedback-mediated coordination
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of the spatial regulation needed for seamless interdigita-
tion of neighboring pavement cells.

It should be noted that a role for these ROP2/4-RIC4 and
ROP6-RICT antagonistic mechanisms in lobe initiation has
been challenged recently by a failure to observe stable mi-
crotubule arrays in future neck regions or a pavement cell
phenotype in a ric4 mutant (Belteton et al, 2018). When
considering the roles of regulatory mechanisms in pavement
cell shape, it is rather difficult to dissect the initial lobe initi-
ation event from subsequent expansion and maintenance of
the lobe. Whether ROP6-RIC1-mediated alignment of corti-
cal microtubules, which is in turn thought to lead to align-
ment of cellulose microfibrils in the cell wall and
consequent growth inhibition at the neck region (Panteris
and Galatis, 2005; Liu et al., 2021), actually leads to lobe initi-
ation, controls expansion of a preexisting lobe, or a combi-
nation of both, remains rather controversial. As discussed
later (see “Mechanical Modeling at the Cellular Scale”), cellu-
lose microfibril alignment is only one of several means by
which the cell wall is proposed to drive pavement cell shape,
and a more detailed understanding of the steps of lobe initi-
ation and expansion is needed to fully understand the roles
of these regulatory mechanisms in generating the jigsaw
puzzle shape.

Trichome morphogenesis

The fundamental mechanisms of trichome morphogenesis
mirror those of pavement cells, with important roles for
the spatial organization of microtubules and cortical actin
filaments (Figure 2). The regulation of incipient branch-
points requires ZWICHEL (ZWI), a kinesin-like protein
(Oppenheimer et al, 1997). zwi mutants occasionally pro-
duce unbranched trichomes, which can be partially res-
cued by treatment with microtubule-stabilizing drugs
(Mathur and Chua, 2000). Extension of trichome branches
requires proper cortical actin polymerization, as a suite of
loss-of-function mutants exhibiting F-actin organization
defects have been isolated on the basis of short, stunted,
and “distorted” trichomes. In fact, DISTORTED (DIS) genes
encode components of the Arp2/3 complex, including
DIS1/ARP3, DIS2/ARPC2, and WRUM1 (WRM1)/ARP2 (Le
et al, 2003; EI-Din El-Assal et al., 2004). Likewise, a loss-of-
function mutation in a gene encoding the SCAR/WAVE
complex subunit, IRREGULAR TRICHOME BRANCHED1,
results in distorted trichomes (Zhang et al, 2005;
Figure 2). Like pavement cells, trichome morphology
becomes defective when ROP2 activity is misregulated (Fu
et al, 2002). Here, ROP2 regulates directional cell expan-
sion via organizing F-actin arrangements during the early
phase of trichome growth, when microtubules are not yet
aligned transversely (Fu et al., 2002).

Stoma and guard cell morphogenesis

Unlike pavement cells and trichomes, mature guard cells
constituting a stoma must perform reversible turgor-
based movement to open and close the stomatal aper-
ture. Owing to the importance of stomatal movement for
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photosynthesis and water-use efficiency, stomatal me-
chanics have been modeled extensively (Woolfenden et
al, 2017). The morphogenesis and function of stomata
rely on cytoskeletal and cortical microtubule dynamics as
well as cell wall remodeling (Aylor et al, 1975).
Microtubule arrays during stomatal development have
been characterized in detail using GFP-labeled a-tubulin
(Lucas et al,, 2006). During the transition from triangular-
shaped meristemoids to round GMCs, cortical microtu-
bule arrays remodel dramatically from mesh-like to longi-
tudinal, forming a preprophase band orienting the
symmetric division site. Following the symmetric division,
the microtubules within each immature guard cell exhibit
radial patterns with mirror symmetry. A characteristic cell
wall thickening occurs during the final stage of differentia-
tion, which is critical for stomatal morphology (Lucas et
al,, 2006) (see “Mechanical Modeling at the Cellular Scale”
for further discussion of the cell wall role).

Molecular-genetic regulation of stomatal morphogenesis is
not fully understood. The key bHLH driving GMC differenti-
ation, MUTE, significantly induces a suite of genes involved
in  microtubule-based movement (Han et al, 2018).
Importantly, MUTE upregulates MUSTACHE (MUS), which
encodes a receptor-like kinase required for proper microtu-
bule movement and bilateral symmetry of stomata. Loss-of-
function mus mutants exhibit deformed stomata with irreg-
ularly shaped guard cells and occasional incomplete pore
formation (Keerthisinghe et al, 2015). The later-acting Dof
transcription factor gene STOMATA CARPENTER1 (SCAPT) is
required for proper guard cell morphogenesis, and its loss-
of-function mutation confers skewed stomata with impaired
function (Negi et al, 2013). Importantly, SCAP1 controls the
expression of genes regulating stomatal morphogenesis and
movement, including those encoding a K*-channel and the
cell wall remodeling enzyme pectin methyltransferase (Negi
et al, 2013). A very recent study integrating experimental
force measurement and finite element modeling of turgor-
driven guard cell movement highlighted the critical role of
the pectin modifying enzyme PECTATE LYASE2 in stomatal
function (Chen et al, 2021). How the dynamic force gener-
ated by individual stomata influences, or is influenced by
the physiology and function of the entire leaf epidermis is
an important future question.

Cell cycle in the leaf epidermis

Each epidermal cell type requires a specific cell cycle mode
to properly differentiate, and as such, cell cycle regulation is
intricately woven into the developmental logic of the epi-
dermis. Two primary cell cycle modes are employed in the
developing epidermis: mitosis and endoreduplication. On
the one hand, canonically, mitosis drives proliferative divi-
sions. On the other hand, endoreduplication is a truncated
version of the mitotic program in which cells repeatedly un-
dergo DNA synthesis without cytokinesis, generating a single
polyploid cell. The ploidy shift is concomitant with an in-
crease in cellular volume and is associated with the
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development of large cell types (Li et al, 2012, Tsukaya,
2013; Robinson et al, 2018). Of the three mature
Arabidopsis epidermal cell types discussed herein, pavement
cells and trichomes require endoreduplication to physically
expand and properly differentiate, whereas stomatal precur-
sors require complete mitotic cycles to maintain proliferative
asymmetric divisions and to subsequently orchestrate a final
symmetric division (Guimil and Dunand, 2007; Torii, 2021;
Figure 3).

Formative division and bipotency

Stomatal meristemoids are initiated in the protoderm by
the accumulation of the bHLH master transcription factor
SPCH (MacAlister et al, 2007). Recent evidence has
shown that SPCH directly upregulates the expression of
CYCLIN D3;1 (CYCD3;1), which complexes with CYCLIN-
DEPENDENT KINASE A;1 (CDKA;1) and stimulates the
cell cycle by promoting the G1/S transition via CDKA-
dependent phosphorylation of RETINOBLASTOMA-
RELATED1 (RBR1) (Lau et al, 2014; Adrian et al, 2015;
Figure 3). Both CYCD3;1 and CDKA;1 are required for sto-
matal precursor proliferation, and CYCD3;1 overexpres-
sion can induce ectopic divisions in endoreduplicating
trichomes, suggesting that sufficient CYCD-CDKA activity
can tip the cell cycle balance in favor of mitosis
(Schnittger et al, 2002; Figure 3). CDKA;1 also directly
phosphorylates SPCH, activating it and possibly stabilizing
an SPCH-CYCD3-CDKA;1 feedback loop; however, RBR1,
phosphorylated by CDKA;1, represses SPCH and stomatal
lineage genes (Nowack et al, 2012; Weimer et al,, 2012;
Yang et al, 2015). Loss-of-function spch and cdka;1
mutants result in an epidermis composed solely of endor-
eduplicating pavement cells and trichomes (MacAlister et
al,, 2007; Weimer et al., 2012; Yang et al,, 2015), suggesting
that endoreduplication may be the “default” cell cycle
mode in the epidermis and that early endocycle onset
may be antagonistic to the initiation of stomatal develop-
ment. A recent study has shown that SPCH may also pro-
mote the G2/M transition and suppress endocycle entry
by directly inducing the expression of homologous com-
ponents of the mammalian DREAM complex,
SUPPRESSOR OF LLP1 1 (SOL1) and SOL2 (Simmons et
al, 2019). Together, these data inform a model wherein
SPCH promotes mitosis and prevents endoreduplication
in meristemoids through the direct upregulation of both
G1/S and G2/M-associated cell cycle components. In line
with this, declined SPCH activity in nascent SLGCs likely
disengages the mitotic program (Figure 3).

Proper regulation and function of the Anaphase
Promoting Complex (APC/C) are critical for formative divi-
sions within the stomatal precursors as well as proper fate
segregation. For instance, a suppressor screen for loss-of-
function mutants of CCS52A2, an activator of APC/C, iden-
tified CYCA3;4 as a substrate (Willems et al, 2020). The
overexpression of CYCA3;4 conferred a highly divided leaf
epidermis, indicating that downregulation of CYCA3;4 is crit-
ical for restriction of formative divisions. Conversely, loss of
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Figure 3 Cell cycle control in the leaf epidermis. A, Schematic of core cell cycle components regulating mitosis (top) and endoreduplication (bot-
tom). Endoreduplication is a truncated, alternate version of mitosis maintained by high CKI activity. B, Schematic of cell cycle integration with tri-
chome (magenta, left), pavement cell (gray, center), and stoma (right, green) developmental pathways. See the text for specific details.

OMISSION OF SECOND DIVISION or UV-INSENSITIVE4, nega-
tive regulators of APC/C, leads to suppressed asymmetric di-
vision and inappropriate fate segregation in stomatal lineage
cells, whereby cells develop mixed phenotypes resembling
both pavement cells and stomata (lwata et al, 2017;
Figure 3). Exactly how stomatal fate acquisition and segrega-
tion are linked to these early cell cycle shifts remains an
open question.

Coordination of terminal guard cell division and
differentiation

MUTE drives the differentiation of meristemoids into GMCs
and simultaneous occurrence of a final, single symmetric di-
vision to create a mature stoma. In order to do so, MUTE

must modulate the existing meristemoid cell cycle dynamics
to support the precise single terminal division (Han et al,
2021). A single CKI, SIAMESE-RELATED4 (SMR4) was identi-
fied as a direct MUTE target, which specifically interacts
with CYCD3;1, thereby reducing SPCH-dependent CYCD3
activity and clearing the path to terminal division.
Interestingly, loss of SMR4 function or temporally shifted
SMR4 expression results in cells with abnormal morpholo-
gies, some displaying properties of both pavement cells and
guard cells (Han et al,, 2021), suggesting that proper stoma-
pavement cell fate segregation requires tightly regulated cell
cycle dynamics.

Additional direct MUTE targets include CYCDS5;1, and
CYCA2;3 and its partner CDKB1;1, which are components
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driving the symmetric division (Han et al,, 2018). MUTE also
drives the expression of FAMA and Myb proteins FLP and
MYB88, which, together with the help of RBR1, repress the
expression of CDKA;1, CYCA2;3, and CDKB1;1 in order to
promptly halt the cell cycle after a single division (Xie et al,
2010; Hachez et al,, 2011; Vanneste et al, 2011; Matos et al,,
2014). In silico modeling predicted that the MUTE-FAMA/
FLP network logic forms a type-1 incoherent feed-forward
loop, capable of generating a single, narrow pulse of expres-
sion of cell cycle genes to orchestrate a single terminal divi-
sion (Han et al, 2018). Experimental perturbations showed
that this feed-forward loop is critical for producing a func-
tional stoma with paired guard cells surrounding a pore.

Further, FAMA and FLP/MYB88 redundantly complex
with RBR1 to direct polycomb-repressive complex-mediated
chromatin remodeling in order to suppress the expression
of cell cycle genes and SPCH, terminally locking down both
cell fate and cell cycle, thereby preventing fate reversion
(Lee et al, 2014a, 2014b; Matos et al., 2014; Ruijtenberg and
van den Heuvel, 2016; Figure 3). Expression of FAMA with a
mutated RBR binding motif induced a stoma-in-stoma phe-
notype, whereby mature guard cells reverted to a meriste-
matic state—dividing, expressing early meristemoid markers,
and eventually generating a secondary stoma within the first
(Matos et al,, 2014). Similarly, ectopic expression of CYCA2;3
in maturing guard cells under control of the FAMA pro-
moter was sufficient to restore both mitotic cell cycles and
expression of the stomatal precursor marker TMM, suggest-
ing that even in differentiated cells, specific cell cycle com-
ponents remain poised and tightly integrated into the
stomatal differentiation program (Yang et al, 2014).
Counterintuitively, loss of CYCA23-CDKB1;1 activity in
GMCs prevents the final mitotic division, but does not seem
to interfere with differentiation, producing single, and round
guard cells (Boudolf et al, 2004). In contrast, the presence of
MUTE and GMC differentiation can be disconnected in
sol1/2 mutants (Simmons et al,, 2019). This may reflect a de-
pendence on M-phase cyclins or suggest that the DREAM
complex has targets within the stomatal differentiation
pathway. Together, these results highlight the complex rela-
tionship between differentiation programs and the cell cycle
in stomata.

Endoreduplication: trichomes and pavement cells
Trichomes emerge from the protoderm of rosette leaves
following endocycle entry and fate induction by the
homeodomain protein GL2, a master trichome regulator
(Figure 2). Both endoreduplication and GL2 are required
for proper trichome formation, and interestingly, GL2 ex-
pression itself may depend on endoreduplication to
reach sufficient levels to ensure trichome fate mainte-
nance (Bramsiepe et al.,, 2010). Mature trichomes require
endoreduplication for both cell expansion and morphol-
ogy, as the number of trichome branches is directly de-
pendent on ploidy (Melaragno et al,, 1993; Hulskamp et
al., 1994; Perazza et al., 1999; Kirik et al., 2001).
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The trichome endocycle is most likely initiated by the CKI
SIAMESE (SIM), a direct target of the GL1-GL3-TTG1 com-
plex (Figure 3). Indeed, SIM is required for trichome endo-
cycle entry, and is sufficient to induce endoreduplication
when ectopically expressed. The antagonism between mi-
totic and endoreduplication cycles can be illustrated by ec-
topic CYCD3;1 expression in trichomes, which results in
multicellular trichomes resembling those found in the sim
loss-of-function mutant (Schnittger et al,, 2002). SIM, as well
as its pavement cell-associated paralog SMR1 have been
shown to interact with and inactivate a variety of CYC-
CDK targets at each phase of the cell cycle, including
CYCDs—CDKA;1, CYCA2;3-CDKB1;1, and CYCBs—CDKaBs, re-
ducing overall mitotic CDK activity (Walker et al, 2000;
Churchman et al., 2006). This likely contributes to a reduced
transcriptional repression of CCS52A1/2, which activates
APC/C, thereby stabilizing endocycle entry (Figure 3).
Indeed, overexpression of CCS52A1/2 is sufficient to drive
early endocycle onset in the epidermis (Larson-Rabin et al,
2009; Kasili et al,, 2010).

While very little information is available regarding the in-
terplay between differentiation and cell cycle in pavement
cells, accumulating evidence has shown that the E2F family
and their dynamic binding partner RBR1 are involved in the
direct regulation of noncell cycle genes including expansins,
which are required for the loosening of cell wall architecture
during pavement cell expansion (Ramirez-Parra et al., 2004;
Magyar et al., 2012). Together, these findings inform a tightly
integrated cell cycle-differentiation network in the epider-
mis, by which multiple transcriptional and posttranslational
inputs likely converge to regulate each core component in
order to direct cell-specific developmental outcomes.

Hormonal regulation of leaf epidermal
growth

At the interface of a plant and the environment, leaf epider-
mal development is influenced by numerous environmental
conditions, including light, drought, and pathogen attack,
and endogenous plant hormones are utilized to respond to
such environmental conditions to optimize plant growth
and survival (Hauser, 2014; Qi and Torii, 2018). Here, we de-
scribe how hormones regulate leaf epidermal cell growth.
Among the plant hormones, auxin has essential functions in
the epidermis, both promoting cell division through the
upregulation of cell cycle components, and promoting cell
growth, which it mediates through the enhancement of cell
wall loosening and extension. This is achieved partly via the
activation of gene expression, including a range of cell wall-
related genes (Majda and Robert, 2018), and partly via a
process referred to as the “acid growth theory,” which sug-
gests that auxin induces activation of plasma membrane-
localized proton pumps that acidify the apoplast (Rayle and
Cleland, 1977), together leading to activation of various cell
wall proteins and enzymes involved in cell wall softening
and extension (Majda and Robert, 2018). In particular, the
low apoplastic pH induced by auxin activates expansins,
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xyloglucan endohydrolases, and cellulases, which loosen con-
nections between cellulose microfibrils, xyloglucans, and
other polysaccharides within the cell wall (Majda and
Robert, 2018). Auxin-induced acidification also affects cell
wall stiffness by inducing pectin methylesterase, which
demethylesterifies homogalaturonans (Liu et al, 2021). This
highlights the role of pectin polymer modifications in diverse
epidermal cell morphogenesis (see “Stoma and Guard Cell
Morphogenesis”).

Cytokinin is another hormone controlling epidermal
growth, as a major regulator of the cell cycle that plays im-
portant role in epidermal cell proliferation during leaf ex-
pansion (Werner et al, 2001). In the epidermis of
developing Arabidopsis leaves, a biphasic role for cytokinin
has recently been demonstrated, whereby cell expansion is
inhibited during the cell proliferation phase and promoted
during the cell expansion phase (Skaldak et al, 2019). The
spatial, temporal, and concentration-dependent effects of
plant hormones, as well as complex interplay among them,
enables fine-tuning of complicated developmental processes
in the leaf epidermis. As examples, we highlight our current
understanding of the roles of various plant hormones in leaf
epidermal development with particular focus on the regula-
tion of pavement cell shape and the coordination of epider-
mal cell patterning.

Hormones regulate pavement cell shape
As auxin is a master regulator of plant growth and develop-
ment, a major role for auxin in the generation of puzzle-
shaped cells is hardly surprising. Auxin is thought to regulate
both general pavement cell growth and the formation of
the puzzle shape formed by these cells in Arabidopsis, as evi-
denced by the morphological effects of auxin treatments
and auxin-related mutations (Wilmoth et al., 2005; Xu et al,
2010; Grones et al, 2015, 2020). Fluctuating cell-to-cell gra-
dients of auxin response have recently been demonstrated
to occur within the spirals of anisocytic stomatal complexes
(Grones et al.,, 2020). These gradients ascend in the direction
of increasing SLGC age throughout the spiral when the
youngest SLGC is in a nonlobed stage. However, once the
youngest SLGC has formed its first lobe, the presence and
direction of the gradient becomes rather random, suggesting
that fluctuations in these auxin response gradients may reg-
ulate first lobe formation in the youngest SLGCs (Grones et
al, 2020). The ROP-RIC regulation of lobe and neck forma-
tion in developing pavement cells has also been linked to
auxin, which is thought to activate ROP2 and RIC4 on the
lobe side, and ROP6 on the neck side, leading to growth
promotion and inhibition, respectively (Xu et al, 2010, 2014;
Figure 2). TRANSMEMBRANE KINASE1 is a receptor-like ki-
nase that has been shown to mediate auxin signaling (Cao
et al, 2019) and in particular the auxin-dependent activation
of ROP2 and ROP6 at the plasma membranes of pavement
cells during interdigitation (Xu et al, 2014; Pan et al., 2020).
Carrier-directed transport of auxin is proposed to be the
main process driving auxin gradient formation and polarity
establishment during pavement cell interdigitation, with a
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range of Arabidopsis auxin carrier mutants displaying defec-
tive pavement cell shapes (Xu et al, 2010; Guo et al, 2015;
Grones et al, 2020). Dynamic localization patterns of auxin
carriers such as PIN-FORMED3 (PIN3) and AUXIN-
RESISTANT1 on the plasma membranes of anisocytic stoma-
tal complex cells have been linked to the establishment and
fluctuations of the auxin gradients involved in SLGC first
lobe formation (Grones et al., 2020). Furthermore, polarized
localization of PIN1 has been observed at the tips of devel-
oping pavement cell lobes (Xu et al, 2010; Li et al, 20171;
Guo et al, 2015), which has been suggested to direct the ac-
cumulation of extracellular auxin in this region, leading to
activation of ROP2/4 and promotion of lobe outgrowth.
However, a recent study failed to observe pavement cell
phenotypes in cotyledons of several PIN-affected mutants
(Belteton et al, 2018). Furthermore, this and a previous
study failed to observe polarized localization of PIN1 at coty-
ledon lobe tips (Le et al, 2014; Belteton et al,, 2018).

It has been suggested that differences in the mechanisms
regulating pavement cell shape depending on the cell loca-
tion, developmental stage, and plant growth conditions may
explain these apparent discrepancies (Liu et al, 2021). PIN
family members display high redundancy, therefore other
PIN proteins, or even other auxin carrier family members,
might take over this role in tissues from which PIN1 is ab-
sent. Furthermore, whether an extracellular accumulation of
auxin at lobe tips might play a role in lobe initiation or in
the expansion of existing lobes has generated debate.
Although many details are still lacking, what does seem clear
is that tightly regulated auxin transport plays an important
role in regulating the complicated jigsaw puzzle shape of
Arabidopsis pavement cells.

Apart from auxin, it is likely that a range of other phyto-
hormones also directly or indirectly play important roles in
pavement cell shape regulation. Cytokinin appears to act an-
tagonistically to auxin as an inhibitor of pavement cell lob-
ing, upstream of ROPs (Li et al, 2013). Additionally,
brassinosteroids have recently been shown to mediate mi-
crotubule stabilization during pavement cell shape regula-
tion (Liu et al, 2018). It is therefore likely that crosstalk
among various hormonal pathways plays important roles in
coordinating the synchronous interdigitation of pavement
cells during leaf growth.

The roles of hormones in coordinating epidermal
cell patterning

As dynamic signals that can move from cell to cell and regu-
late various cellular processes depending on their concentra-
tion, it seems logical that hormones should play major roles
in coordinating the patterning and development of the vari-
ous leaf epidermal cell types. Dynamically fluctuating auxin
gradients in anisocytic stomatal complexes have been sug-
gested to coordinate the division and development of the
different cell types within the complexes (Grones et al,
2020) (see “Hormones Regulate Pavement Cell Shape”). An
auxin minimum is proposed to stimulate the transition of
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the meristemoid into the GMC, resulting in a symmetric cell
division (SCD), with auxin levels reducing even further
within the young guard cells (Le et al, 2014).
Simultaneously, a low auxin level resulting from the efflux of
auxin from the youngest SLGC into the older SLGCs of the
spiral induces the formation of the first lobe in the youngest
SLGC at a specific position opposite to the neighboring mer-
istemoid or stoma (Grones et al, 2020). After formation of
the first lobe, auxin may then be redirected back toward the
youngest SLGC to raise the auxin level, potentially inhibiting
lobe expansion (Grones et al, 2020). In this way, auxin likely
plays a highly dynamic, key role in the patterning and shap-
ing of the epidermal tissue in space and time.

Mechanical modeling of epidermal
morphogenetic dynamics

Ongoing research is just beginning to shed light on the in-
terwoven nature of epidermis development, whereby indi-
vidual cells influence tissue pattering and the tissue as a
whole reciprocally influences individual cells. As already dis-
cussed, harmonized fate, patterning, and morphogenesis
amongst the epidermal cell types are partly achieved via
shared and coordinated molecular and hormonal signaling,
Furthermore, mechanical forces within the individual cells,
which reciprocally affect stress patterns across the tissue as
a whole, are also being revealed as key players in epidermal
cell coordination. Mechanical modeling of epidermal mor-
phogenetic dynamics is increasingly being employed in order
to understand and predict these complex behaviors. Here,
we describe multiple scale modeling approaches that have
helped to form an integrated understanding of epidermal
cell and tissue development in cotyledons and leaves.

The mechanical role of the epidermis

Since cells are interconnected within tissues, their growth
needs to be highly coordinated with the growth of their
neighbors. Individual cells both contribute to and are sub-
jected to mechanical signals and forces, forming stress pat-
terns at the tissue and organ scales. The plant epidermis, as
the most external tissue monolayer, is thought to be under
considerable tension from the turgor pressure of the cells
within. Early studies showed that a stem sliced lengthwise
will bend outwards, suggesting that the epidermal cells are
under tension (Kutschera and Niklas, 2007). The role of me-
chanical forces acting at the organ level was further tested
in Arabidopsis cotyledons, showing that small cuts on the
margins caused the organ to split open due to tensional
stress (Sampathkumar et al, 2014a). These observations sug-
gest that epidermis limits the growth of underlying tissues,
thereby playing an important role in controlling emergent
shape (Savaldi-Goldstein et al, 2007; Bai et al, 2010; Dyson
et al, 2014).

To investigate the role of mechanical stress, different tech-
niques have been used. Cell ablations have been performed
at the shoot apical meristem (SAM; Hamant et al, 2008),
and in cotyledons (Sampathkumar et al, 2014a) and sepals
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(Hervieux et al, 2016). Mechanical stress has been induced
by stretching or compressing hypocotyls (Hejnowics et al.,
2000), and by mechanical compression of the SAM
(Louveaux et al, 2016). These studies lend support to the
idea that plants are able to sense and respond to applied
stresses. However, most experiments aimed at changing
forces also create a change in cell geometry.

Mechanical modeling at the cellular scale
Tissue-level responses are ultimately controlled by cells, and
the mechanics that operate at the cellular level. Turgor pres-
sure generates tensile stress on cell walls that need to be
able to grow while still maintaining their structural integrity.
The process of making the elastic strain induced by turgor
plastic is called cell wall extensibility, and is accomplished by
the action of cell wall loosening compounds (Cosgrove,
2018). Thus, growth is a combination of two factors, the
elastic strain induced by turgor that depends on cell wall
stiffness and geometry, combined with the action of cell
wall modifiers that induce extensibility. Cell wall loosening
alone would cause the wall to get thinner. To maintain the
wall thickness, new polysaccharides must be synthesized and
integrated within the matrix. One possibility is that cells are
able to sense the changes in the cell wall taking place over
growth, either sensing increased cell wall stress or reduced
cell wall integrity. It should be mentioned that it is not pos-
sible to measure stress directly; rather, it must be deduced
from the strains it causes. Trinh et al. (2021) recently
reviewed possible mechanotransduction pathways sensing
mechanical forces. Potential mechanisms could involve cellu-
lose microfibril loosening and modifications in pectin com-
position, opening of mechanosensitive channels in the
plasma membrane, or changes in cytoskeleton configuration.
Another possibility is the cortical microtubules themselves,
as they are thought to be more stable and less prone to ca-
tastrophe when under tension (Saltini and Mulder, 2021),
which could cause them to align with the principal direc-
tions of stress (Hejnowics et al, 2000; Hamant et al., 2008).
Physical micro-indentation and computational modeling
of isolated spherical or elongated cells with uniform cell wall
properties demonstrated that stress tends to be cell-shape
and cell-size dependent. In spherical cells, stress increases lin-
early with size. However, elongated cells can become very
large (long) without a significant increase in stress, as stress
is highest around the cell circumference (Weber et al.,, 2015;
Mosca et al, 2017; Sapala et al., 2018). Mechanical modeling
of pavement cells demonstrated that lobed cells display sig-
nificantly lower stress than equivalent-sized cells with simple
shapes (Sapala et al,, 2018). This suggests that interdigitation
of initially isodiametrically growing cells, such as Arabidopsis
leaf epidermal cells, may function in preventing excessive
stress as the cells expand. This concept can be visualized by
observing the size of the largest empty circle that fits inside
each cell, which is a good proxy for the maximal stress in
the walls of the cell. This stress can be greatly reduced by
the formation of a lobed perimeter (Figure 4, A and B). This
measure can also be applied to trichomes, where stress is
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Figure 4 Mechanical stress control of epidermal cell shape. A, Cells segmented in MorphoGraphX (Barbier de Reuille et al.,, 2015) with each large
empty circle (LEC) visualized. B, Cells arranged by the size of the LEC, which indicates the magnitude of stress. Cells in (A) and (B) are colored
according to the LEC, from cells with small LEC (2-4) in blue to those with large LEC (10-12) in red or brown. C, The stress patterns in the differ-
ent cell types (white lines), which correspond with the localization patterns of cortical microtubules and cell wall cellulose microfibrils. Scale bars

represent 20 pm.

predicted to be highest at the cell base and lowest at the
tips of the branches (Kierzkowski and Kierzkowska, 2019).
As described earlier (see “Genetic Coordination of
Pavement Cell Interdigitation”), a proposed mechanism of
lobe formation in pavement cells is based on the occurrence
of growth restriction zones around the perimeter, produced
by the local accumulation of cortical microtubules (Fu et al,
2005; Panteris and Galatis, 2005). During the expansion of ini-
tially isodiametric cells, these restriction zones would lead to
the formation of indentations resulting in interdigitated
shapes (Panteris and Galatis, 2005). The stress patterns arising
from cell and tissue shape may be what drives the accumula-
tion of the cortical microtubules, which subsequently direct
the deposition of cellulose microfibrils (Sampathkumar et al,
2014b; Figure 4C). Localized cellulose deposition stiffens the
cell wall, limiting growth where stress is high. Cells would
then expand where the stress is lower and the wall softer.
After the lobes are formed, the interdigitation may be further
enhanced by a feedback mechanism in which local, multi-cell
geometry forms new stress patterns that are reciprocally rein-
forced by the dynamic alignment of cortical microtubules and

cell wall microfibrils (Sampathkumar et al, 2014b). A similar
mechanism could be associated with growing trichomes. The
combination of confocal time lapse microscopy and compu-
tational modeling showed that the regions of high stress and
growth restriction in trichomes are overlaid by cortical micro-
tubules (Yanagisawa et al, 2015; Figure 4C). Interestingly, the
mechanical stress imposed by early emerging trichomes in
sepals alters the stress patterns in adjacent cells in much the
same way as an ablation (Hervieux et al,, 2017), as the faster
growing trichrome transfers load onto its neighbors. The
neighbor cells respond by reorienting their cortical microtu-
bules to align with a new pattern of stress, suggesting a
stress-responsive mechanism in the absence of any ablation-
induced wounding.

The idea that it is primarily growth restriction that drives
cell shape was further tested in a 2D computational model
of lobe formation (Sapala et al, 2018). Growth restrictions
were placed across the cell to represent the action of corti-
cal microtubules directing cellulose deposition. The restric-
tions accumulated in the indentations and were reduced in
the protrusions, causing lobes and necks to be enhanced in
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a feedback mechanism based on the local geometry of the
cell (Sapala et al, 2018). In this model, the alternating pat-
tern of lobes and necks results purely from the curvature of
the cell wall, and the growth restriction in one cell necessar-
ily causes a protrusion in its neighbor without requiring mo-
bile chemical signals. However, a chemical signal is thought
to coordinate the ROPs from lobes and indentations in
neighboring cells, and modeling work has shown that such a
process provides a general framework for coordinated cell
polarity (Abley et al, 2013). In the model by Sapala et al.
(2018), the formation of elongated or puzzle-shaped cells
depends on the amount and anisotropy of growth of the
cells. This may provide an explanation for the conflicting
results generated when investigating the effects of hormones
such as auxin on cell shape. The model predicts that hor-
mones and genes change growth rates and anisotropy in
subtle ways, which would, in turn, have subtle effects on
puzzle cell shape, and may not be directly involved in the
patterning process at all.

One of the reasons for the diversity in plant cell shape is
the heterogeneous properties of cell walls, which could be
associated with the differential ability to stretch beyond a
yield point (Zhang et al., 2021). Although the roles of corti-
cal microtubules and cellulose microfibrils in cell shape for-
mation are well established, the roles of the matrix
polysaccharides are largely unknown. A model by Majda et
al. (2017) demonstrates that lobing of initially straight anti-
clinal cell walls (perpendicular to the leaf surface) of neigh-
boring pavement cells requires local cell wall mechanical
inhomogeneities along and across the cell wall. Although
this model does not consider the periclinal cell walls (paral-
lel to the leaf surface), it could account for the initial mech-
anisms underlying lobe formation, which could be further
amplified by other processes such as feedback from the
stress patterns, distribution of cortical microtubules, and cell
geometry (Sampathkumar et al, 2014a; Sapala et al, 2018;
Majda et al, 2019). More recently, a 3D model of pavement
cells was proposed that consists of stiff and soft sections al-
ternating across the width of periclinal walls and stiff bands
on anticlinal walls (Bidhendi et al, 2019). The model shows
that extending the mechanical heterogeneities from anticlinal
to periclinal walls can induce the cells to lobe. Interestingly,
the local mechanical inhomogeneities and changes in cell ge-
ometry are preceded by buckling of the cell wall, which
could trigger microtubule polarization and initiation of pave-
ment cell interdigitation. It has recently also been suggested
that puzzle cell shape formation could be the result of pectin
swelling rather than by the turgor-driven strain relaxation
model of growth (Haas et al, 2020); however, it is unclear if
such a mechanism could result in sustained growth as cells
increase to many times their original size during the process
of forming lobes (Cosgrove and Anderson 2020).

In contrast to pavement cells or trichomes, which are as-
sociated with irreversible plastic deformation, stomatal func-
tion is an example of a temporal elastic change with large
cell wall deformations. Stomatal opening and closing is a
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mechanical process that involves changes in the turgor pres-
sure, which induce changes in cell geometry (Woolfenden et
al, 2018). Nearly half a century ago, it was proposed that
under high turgor pressure, the circumferential arrangement
of cellulose microfibrils leads to the elongation of guard cells
and stomatal pore opening (Aylor et al, 1975). The use of
indentation and computational models has since demon-
strated that the functional mechanics of stomata are based
on the anisotropy of the cellulose microfibrils and polar stiff-
ening of the stomatal wall. A 3D computational model of
stomatal dynamics revealed that heterogeneous deformation
of the cell walls and high mechanical stress at the tips con-
necting two neighboring guard cells drives stomatal function
(Woolfenden et al, 2017). This was further tested in a model
which showed that fixing the tips of guard cells led to
changes in the wall properties critical for stomatal move-
ment (Carter et al, 2017).

Conclusions and perspectives

As the leaf epidermis is the primary interface between a
plant and the aerial environment, its critical functions must
be robust to environmental challenges, and as sessile organ-
isms, plants must be able to adapt their epidermal function
to a broad range of harsh and variable environmental condi-
tions. The identity, shape, and function of each cell in the
epidermis is determined by a combination of overlapping
molecular circuits, including differentiation pathways, cell cy-
cle, mechanical signals, and phytohormone signaling. In
Arabidopsis, although each epidermal cell type utilizes a spe-
cific regulatory module for its development, pavement cells,
trichomes, and stomata are engaged in a tissue-wide series
of molecular and mechanical conversations—each impacting
the development of the other, and cooperatively shaping
the epidermal landscape.

Despite the wealth of current knowledge on the specifica-
tion of individual epidermal cell types, many outstanding
questions remain. Importantly, which cells are “chosen” to
obtain the ability to differentiate within the context of the
epidermis as a whole? How do leaf organ-wide polarity and
development impinge on specialized cell-type differentiation
within the epidermis? What are the exact contributions of
physiological, molecular, or mechanical signals that link epi-
dermal development to underlying mesophyll and vascula-
ture tissues? Most importantly, the cell types in the
epidermis are more complex in some plant species owing to
their environmental adaptations and developmental innova-
tions. It will be critically important to apply what we have
learned from model systems to other plant species.

The molecular-genetic studies of epidermal cell type differ-
entiation in the past primarily focused on the core regula-
tors, for which loss- or gain-of-function mutations confer
“extreme” phenotypes (e.g. epidermis with excessive sto-
mata, devoid of stomata, or devoid of trichomes). As the
field moves forward to understand the modulation and re-
wiring of developmental regulatory networks by mechanical,
hormonal, and environmental inputs, quantitative analyses



Cell biology of the leaf epidermis

become increasingly needed to capture subtle and transient
phenotypes at high spatiotemporal resolution. New quanti-
tative analysis tools and pipelines have recently been devel-
oped, including polarity measurement (POME), which
analyzes the stomatal lineage polarity (Gong et al, 2021),
stomata patterning autocorrelation on epidermis (SPACE),
which applies spatial autocorrelation statistics to quantify
the probabilistic distribution of stomatal patterning (Zeng et
al, 2020), and image analyses tools based on machine learn-
ing (Xie et al, 2021). Together with recent advances in single
cell genomics with spatial reconstruction and high-
resolution microscopy (Neumann et al, 2021), these new
tools and approaches will allow for discrete spatiotemporal
events at the cellular and subcellular level to be observed,
dissected, and further integrated at the tissue level and be-
yond (i.e. whole organ/plant level). Many mechanisms un-
derlying cellular plasticity in the epidermis have only
recently become accessible/evident (Meyer et al, 2017; Han
et al, 2018), as computational approaches provide novel
insights into the regulation of poised and transient cell fates.
The increasing role of these powerful tools in develop-
mental biology offers new perspectives into the molecular
crosstalk between cellular events and cell types that were
previously considered independent or unassociated.
Furthermore, the expansion of plant model organisms and
the application of these techniques under mimicked chang-
ing climate as well as across multiple species will continue
to unravel the relationships between pathways controlling
tissue patterning, providing new insights into the regulation
and roles of cellular plasticity in the leaf epidermis.
Understanding the flexibility of proliferation, growth, and de-
velopment in epidermal cells is fundamental to predicting
tissue-scale morphogenetic events and identifying new strat-
egies to enhance plant fitness in a changing environment.
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