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Editorial on the Research Topic

Linking Stomatal Development and Physiology: From Stomatal Models to Non-model Species

and Crops

Stomata are highly dynamic valves in the epidermis of plants. Thesemicroscopic structures regulate
the exchange of gases with the atmosphere and are essential for plant survival on land (Raven,
2002). There is an enduring fascination with stomata because of their specialized nature: from
their unique development out of undifferentiated epidermal cells; to the environmental and internal
signals they respond to; and the impacts their function have on climate and global change. These key
themes have been the topic of many classical compendiums and scientific conferences (Jarvis and
Mansfield, 1981; Ziegler et al., 1987; Roelfsema and Kollist, 2013). Research in the past two decades
has accelerated our understanding of stomatal function, particularly through the accumulation of a
critical mass of knowledge on the genetic underpinnings of stomatal development and physiology
in the model angiosperm Arabidopsis (Assmann and Jegla, 2016; Qi and Torii, 2018). In this
Frontiers eBook, we sought to bring together the latest research and reviews on stomatal biology
that span a vast continuum: from cells to ecosystems. The articles were solicited with four key
themes in mind: (1) The coordination of stomatal development with plant growth, development,
and environmental signaling; (2) The role of stomatal development in plant acclimation and
adaptation to the environment; (3) The influence of stomatal development and function on plant
resource use, ecosystem processes, and global climate; and (4) The selection for stomatal traits in
plant evolution, crop domestication and breeding, and designing food for the future.

The research contributed to this eBook encompasses the wide diversity of topics studied by
contemporary stomatal biologists. At a phylogenetic level, works describe the unique stomata of
mosses (Caine et al.; Renzaglia et al.), grasses (Buckley et al.; Serna), and a species of C3-CAM dicot
Mesembryanthemum (Guan et al.). At the developmental level, articles describe critical stomatal
developmental genes (Chen et al.), the physiological development of stomatal function in leaves
(Kane et al.), and important signals for stomatal regulation in developing Citrus fruit (Lugassi
et al.). At a functional scale, research spans the molecule to the leaf, with reports on the importance
of aerosol deposition on stomatal function (Grantz et al.), the role of subsidiary cells in stomatal
regulation (Gray et al.), the molecular link between reactive oxygen species (ROS) and abscisic
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acid (ABA) signaling in guard cells (Postiglione and Muday),
and the importance of ROS and salicylic acid (SA) on stomatal
responses to CO2 (He et al.). Novel and unexplored mechanisms
are proposed by two papers, one which describes the evolutionary
pressures placed on stomatal development by pathogens (Muir)
and the other which finds divergent stomatal strategies driven by
competition between species (Zenes et al.).

The bryophytes, including mosses, form a monophyletic
group that is sister to all other land plants and represent the
oldest extant lineage of plants to possess stomata, having diverged
from the ancestor of vascular plants more than 400 million
years ago (de Sousa et al., 2019). Caine et al. show shared
and divergent control of stomatal ontogeny in the model moss
species Physcomitrium patens through bHLH transcription factor
and signaling peptide orthologs conserved in the angiosperm
stomatal program (Chen et al.). In addition to the conserved
one-cell spacing rule for moss stomata (Figure 1), the authors
observe environmental plasticity in the development of moss
substomatal cavities (Caine et al.), suggesting a more complex
role for bryophyte stomata in the maturation of the reproductive
sporophyte capsule. Insight into stomatal function in this lineage
is scarce (Chater et al., 2016; Kubásek et al., 2021). In a
comprehensive phylogenetic screening across mosses, Renzaglia
et al. find that stomata have been lost more than 63 times
across this lineage and there is considerable variation in the
number of stomata per capsule within and between families.
This discovery raises questions about the possible functions of
stomata in bryophytes, and by extension in the common ancestor
of all extant land plants. Renzaglia et al. suggest that stomata are
functionally dispensable for spore dispersal in mosses, although
their continued presence in species that do have stomata suggests
that stomatal opening offers a fitness advantage by facilitating the
desiccation of the sporophyte capsule (Caine et al.).

Grasses, of which domesticated cereal crops provide more
than 50% of globally consumed calories (Yu and Tian, 2018),
have long been recognized as having unique stomatal complexes
comprised of dumbbell-shaped guard cells flanked by highly
specialized subsidiary cells (Strasburger, 1866; Figure 1). This
stomatal complex may have evolved to enhance stomatal
response speed, and is only found in Poaceae and Cyperaceae
(Raschke, 1975; Nunes et al., 2020). Only recently are we starting
to reveal the genes responsible for the development of these
unique stomatal complexes. Serna provides a contemporary
perspective on our understanding of the genetic control of C3 and
C4 grass stomatal complexes, in which orthologs of the bHLH
transcription factor MUTE have been co-opted as regulators of
subsidiary cell differentiation and specialization (Raissig et al.,
2016; Wang et al., 2019; Wu et al., 2019). Buckley et al. provide a
highly complementary review to this discussion on the unique
developmental regulators of grass stomata, by detailing the
possible gene targets in the stomatal development network that
could be utilized for the generation of climate-ready cereal crops.
The genetic regulation of stomatal development in grasses stands
in contrast to the regulation of stomatal development in other

FIGURE 1 | Stomata are found on the aerial parts of most land plants, in the

highest densities on the leaves of vascular plants, like the temperate rainforest

tree Nothofagus cunninghamii (A). Considerable insights into the molecular

determinants of stomatal development have been made in Arabidopsis

thaliana, with the discovery that SPEECHLESS is essential for stomata

formation; when it is constitutively inhibited by the EPF/ERF signaling pathway,

epidermal cells can not differentiate into stomata (B). Mutants in this pathway,

like the er;erl1;erl2 triple mutant in Arabidopsis (C) and epf1 mutant in the

moss Physcomitrium patens (Caine et al., 2016) (D), both having similarly

clustered stomata, indicating that all land plants use the same pathway for

stomatal development. Considerable diversity in stomatal form exists across

land plants, exemplified by the dumbbell-shaped guard cells and associated

subsidiary cells of some species of monocot, including the grass

Brachypodium distachyon (E). Subsidiary cell arrangement is highly diverse

across land plants, in some ferns including Pyrrosia lingua both guard cells are

surrounded by a single, encircling subsidiary cell (F). Neighboring cells can

impact stomatal function, with compromised stomatal responses reported in

stomatal developmental mutant lines that have increased stomatal clustering

(Dow et al., 2014), like the tmm;basl double mutant of Arabidopsis (G).
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species (Chen et al.), for example, provide a compelling case
for the pivotal importance of the bHLH transcription factor
SPEECHLESS in the development of stomata in Arabidopsis
(Figure 1).

The grasses provide an extreme example of the subsidiary
cells that flank guard cells (Figure 1). There are numerous
unique subsidiary cell arrangements described across land plants
(Baranova, 1987), yet their functional role and relevance remain
mostly enigmatic. Gray et al. provide a modern synthesis
on subsidiary cell development, diversity, and what little we
know about subsidiary cell function. Gray et al. conclude that
future work utilizing new model systems with highly complex
subsidiary cell arrangements has the potential to advance our
understanding of how they develop and their roles in stomatal
function across diverse plants. It is tempting to speculate
that subsidiary cell morphological complexity is indicative of
a broad functional diversity as extensions of the stomatal
complex; perhaps providing spatio-temporally distinct reservoirs
of essential metabolites, ions, and signaling components for
optimal guard cell responses or mechanically accommodating
guard cell movement. Future single-cell transcriptomic and
metabolomic studies may help determine exactly what these
subsidiary cell functions are.

For over 150 years researchers have investigated the
environmental and endogenous signals that cause stomata to
open and close in mature tissue (von Mohl, 1856), however
very little work has focused on how stomatal function develops
(Pantin et al., 2013). To address this, Kane et al. investigated when
stomata begin to function in developing leaves. Newly expanding
leaves tend to have high rates of water loss and the authors
show the majority originates from the immature cuticle and not
stomata. In young leaves, stomata have not yet fully developed
and remain shut; they only appear to open and control water
loss once the leaf is approaching full expansion and cuticular
conductance reaches a minimum (Kane et al.). Stomata are not
only found on leaves; in many angiosperm species stomata are
also found on the epidermis of fruit (Blanke and Lenz, 1989).
Lugassi et al. investigated stomatal function as fruit develop
and found that stomata on immature Citrus fruit are functional
and responsive to sugars via hexokinase, just like a leaf. As
fruit develop, stomata become plugged, which greatly reduces
fruit transpiration. Lugassi et al. developed a transgenic Citrus
plant that had guard cell specific expression of hexokinase and
found that these plants had reduced seed development and more
closed stomata during fruit formation, suggesting that functional
stomata on immature Citrus fruit are critical for seed formation.
Physiologically active stomata on green immature fruits likely
contribute a carbon source for photosynthesis in this rapidly
developing organ, prior to their switch from source to carbon
sink duration maturation; correlating with the loss of the fruit’s
stomatal function and photosynthetic capacity. The timing of
this transition could be a breeding target for the control of fruit
ripening and flavor traits.

Since the advent of stomatal research, responses have been
detected via direct measurement of single pores or gas exchange
measurements providing mean approximations of the aperture
of many thousands of stomata (Darwin, 1898). Grantz et al. show

that while there is considerable variation in individual stomatal
apertures across a large leaf surface area exposed to similar
conditions, stomatal apertures are quasi-normally distributed,
and remain so when responding to VPD and atmospheric
pollutants. This result provides an important experimental bridge
between measurements of stomatal responses made at a local,
individual pore scale, with those measured at a leaf level (Grantz
et al.).

Stomatal closure is a key adaptation to conserve water
during periods of water deficit or to optimize water use
relative to photosynthetic carbon gain (Cowan and Farquhar,
1977; Brodribb et al., 2017). Characterizing the signals of
stomatal closure is a core target of modern stomatal biology
and has great potential for increasing crop productivity via
modern breeding techniques (Anjanappa and Gruissem, 2021;
Horton et al., 2021). Halophytes, or plants that can survive
in high salt environments, have evolved some of the most
extreme adaptations to retain and use scarce available water,
including adaptations to stomatal regulation (Shabala, 2013).
Mesembryanthemum crystallinum is an emerging model system
for discovering the molecular pathways of plant tolerance to salt
or extremely limited available free-water (Guan et al.). Guan
et al. characterized the unique ability of this plant to switch
between C3 and CAM photosynthesis under salt stress, finding
the transition takes approximately 6 days and elicits a major
switch in diurnal stomatal rhythm and photosynthetic regulation.
The hormone abscisic acid (ABA) plays a critical role in stomatal
closure during water deficit and the signaling pathway for this
direct response is well described (Geiger et al., 2010; Brandt et al.,
2012). Postiglione and Muday provide a thorough review of the
role of ABA-induced ROS signaling in guard cell regulation, a
signaling pathway that operates in parallel to the direct ABA
pathway. Postiglione and Muday conclude that ROS are a critical
component of guard cell ABA signaling and that future work will
reveal the relative importance of the direct action of ABA and
ROS on stomatal responses. In parallel to this work, He et al.
demonstrate that both ROS and salicylic acid (SA) are essential
in the stomatal response to elevated CO2 in Arabidopsis. He et al.
found that ROS originates from two different sources in the guard
cells depending on whether stomata are closed by elevated CO2

or if light-induced opening is inhibited by it. Furthermore, SA
is required for elevated CO2-induced stomatal closure (He et al.),
increasing the complexity of the hormonal landscape of guard cell
regulation (Jarvis and Mansfield, 1981).

Modeling continues to be a powerful tool to propose and
test hypotheses related to stomatal function and development
(Ziegler et al., 1987). To this end, Muir developed a new
model that examines the trade-off betweenmaximum anatomical
stomatal conductance, as determined by stomatal size and
density, and the risk of pathogen infection. This model proposes
some non-intuitive, yet testable, hypotheses related to the
evolution of stomatal development in response to pathogen
infection risk and provides a new framework for understanding
the developmental trade-offs between maximizing leaf gas
exchange and minimizing infection (Muir). Zenes et al. also
utilize a new model of plant water use to analyze experimental
findings on the shift in plant water use strategies in response to
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competition. The adaptation in water use strategy in response
to competitors can be accurately predicted by a model that
assumes plants maximize carbon gain while only mitigating
water use that prevents the risk of hydraulic failure by embolism
(Zenes et al.). This result shifts our understanding of how plants
manage water use away from exclusively optimizing carbon gain
relative to water use, toward maximizing carbon gain while
preventing lethal hydraulic thresholds (Anderegg et al., 2018).
The mechanism behind these shifts in water use strategy in
response to competition remain uncharacterized and provides an
exciting prospect for future studies. Although (Zenes et al.) focus
on C3 tree seedlings, it would be interesting to see how this model
fairs with C4 and CAM plant species.

CONCLUSION

Modern stomatal biology continues to investigate research
questions that span a vast continuum of disciplines from
the cell to the ecosystem. In this Research Topic “Linking
Stomatal Development and Physiology: From Stomatal
Models to Non-models and Crops,” research articles and

reviews cover much of this continuum. Among the topics
included: ancient evolution of stomatal development and
function; further description of the complex genetic models
governing stomatal development; and the identification of
breeding targets for improved water use and productivity in
agricultural systems. Nevertheless, with such a broad topic
as stomata, many themes inevitably remain unaddressed. For
example, insights into C2 and C4 stomatal responses, circadian
stomatal rhythms, and stomatal thermal responses are just
some of the areas not covered here. However, a universal
theme amongst this diverse stomatal research, linking plant
gas exchange and photosynthetic mechanisms, is testament
to the sheer importance that these tiny plant structures
have on our understanding of plant development, function,
and evolution.
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Gas exchange between the plant and the atmosphere takes place through stomatal pores
formed by paired guard cells. Grasses develop a unique stomatal structure that consists
of two dumbbell-shaped guard cells flanked by lateral subsidiary cells. These structures
confer a very efficient gas exchange capacity, which may have contributed to the
evolutionary success of grasses. Recent works have identified orthologues of
Arabidopsis MUTE in three grass species: BdMUTE in Brachypodium distachyon,
BZU2/ZmMUTE in maize, and OsMUTE in rice. These genes induce the recruitment of
subsidiary cells, and it appears to rely upon the ability of intercellular movement, from the
guard mother cell to subsidiary mother cells, of the proteins encoded by them.
Unexpectedly, this function of these grass MUTE genes contrasts with that of
Arabidopsis MUTE, which promotes guard mother cell identity. These MUTE
orthologues also appear to control guard mother cell fate progression, with the action
of BdMUTE being less severe than those of BZU2/ZmMUTE and OsMUTE. The emerging
picture unravels that grass MUTE genes have not only diverged, due to neo-
functionalization, from Arabidopsis MUTE, but also among them.

Keywords: grasses, MUTE, orthologues, polarization, stomata, subsidiary cells
INTRODUCTION

Plants colonized land more than 400 million years ago (Edwards et al., 1998; Berry et al., 2010). One
of the key innovations that enabled this to be possible was the development of a waxy cuticle to
prevent water loss from the plant surface (Berry et al., 2010). The appearance of this impermeable
layer coincides with the presence of stomatal pores, thus allowing the uptake of carbon dioxide to
perform photosynthesis with a minimal loss of water vapor (Edwards et al., 1998; Berry et al., 2010).
These microscopic innovations, bordered by a pair of kidney-shaped guard cells (GCs), are
conserved across all land plants except liverworts and some mosses and hornworts (Chater et al.,
2017; Renzaglia et al., 2017). Although to date no other structures has replaced the stoma, its shape,
and its relationship with other epidermal cells have changed over time. Grasses, which develop a
unique stomatal structure consisting of two dumbbell-shaped GCs flanked by two lateral subsidiary
cells (SCs) (Stebbins and Shah, 1960; Rudall et al., 2017; Hepworth et al., 2018; Nunes et al., 2019),
are a beautiful example of these changes. In addition, several works comparing stomatal responses
between grasses and species with different stomatal morphology suggest that the stomatal
complexes of grasses increase stomatal responsiveness with large and rapid GC movements
.org February 2020 | Volume 11 | Article 5519
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(Franks and Farquhar, 2007; Bertolino et al., 2019 and references
therein). Moreover, it has even been proposed that this
developmental innovation has contributed, at least in part, to
the extraordinary evolutionary success of this plant group
(Kellogg, 2001; Hetherington and Woodward, 2003; Chen
et al., 2017).

In the leaves of grasses, stomatal development occurs only in
some epidermal cell files and it proceeds acropetally, with early
stages of this process taking place in the basal regions of the leaf
and stomata developing later in the distal ones (Stebbins and
Shah, 1960). The development of four-celled stomatal complexes
takes place through a simple and invariant pattern of cell
divisions (Stebbins and Shah, 1960; Serna, 2011; Hepworth
et al., 2018; Nunes et al., 2019; Figure 1A). They initiate with
an asymmetric cell division from a protodermal cells leading to a
smaller guard mother cell (GMC) and a larger sister cell. Before
GMC division, cells from files in either side of newly formed
GMC acquire subsidiary mother cell (SMC) identity and divide
asymmetrically. The smaller cells resulting from these divisions,
which are always placed next to the GMC, differentiate as SCs.
Frontiers in Plant Science | www.frontiersin.org 210
Following SCs recruitment, the GMC divides symmetrically,
with the cell division plane being parallel to the main axis of
leaf growth, and it yields the paired GCs. This cell division
pattern differs from that taking place in Arabidopsis (Serna and
Fenoll, 2000; Bergmann and Sack, 2007; Figure 1A). First, in
Arabidopsis, stomatal precursors, named meristemoids, are self-
renewing cells. They can undergo several rounds of cell division
in an inward spiral, regenerating themselves in each division,
before assuming GMC identity. In contrast, in grasses, an
asymmetric division directly gives rise to the stomatal
precursor. Thus, meristemoids appear to be absent in this
plant group. Second, the GMC of Arabidopsis does not recruit
SCs. In addition, while grasses form dumbbell-shaped GCs,
eudicots and most monocots develop kidney-shaped GCs pairs
(Stebbins and Shah, 1960).

The recruitment of SCs in grasses is preceded by a process of
polarization of the SMC that is very well known in maize (Serna,
2015; Apostolakos et al., 2018; Figure 2). This begins with the
accumulation of the SCAR/WAVE regulatory complex (WRC) at
the cell surface of the SMC, specifically at the site of GMC
FIGURE 1 | Role of MUTE orthologues of grasses and AtMUTE during stomatal development. (A) Stomatal development in grasses starts with an asymmetric
division that produces a guard mother cell (GMC). Before GMC division, cells from files on either side of the GMC assume subsidiary mother cell (SMC) identity.
SMCs then divide asymmetrically to produce subsidiary cells (SCs) in direct contact with the GMC. Only when the GMC is flanked by the two SCs, a symmetric cell
division produces the two dumbbell-shaped guard cells (GCs). Grass MUTE genes specify SMC identity. They also appear to control the fate of the GMC, with the
action of BdMUTE being less severe than those of ZmMUTE and OsMUTE. OsFAMA regulates the last stage of stomatal development. In Arabidopsis, a
protodermal cell divides asymmetrically to produce a meristemiod (M) and a larger pavement cell. Ms usually reiterate asymmetric division several times, in an inward
spiral, until they assume GMC identity. The GMC divides symmetrically to produce the two kidney-shaped GCs. AtMUTE regulates the transition of the M to GMC.
(B) Schematic diagram of potential mobility motifs in the MUTE protein sequences. Conserved motifs in grass MUTE proteins could promote the intercellular
movement, from the GMC to SMC, of these transcriptional factors. In contrast, the motifs conserved in AtMUTE could prevent its intercellular movement. The
different-coloured boxes represent different motifs. These motifs are conserved among grasses but not in eudicots or vice versa, or are different between grasses
and eudicots. Arabidopsis motifs are shown as an example of eudicot ones. The position of the bHLH domain is indicated. GC, guard cell; GMC, guard mother cell;
M, meristemoid. SMC, subsidiary mother cell; SC, subsidiary cell.
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contact (Facette et al., 2015). Unknown signals emanating from
GMC activate PANs receptors, which also, in a WRC-dependent
manner (Facette et al., 2015), accumulate at the SMC/GMC contact
site (Cartwright et al., 2009; Zhang et al., 2012). Then PANs recruit
and activate ROPs (Humphries et al., 2011), which activate the WRC
complex (Facette et al., 2015). Finally, activated WRC activates the
ARP2/3 complex giving rise to a dense T-actin and inducing the
migration of the nucleus toward the GMC (Deeks and Hussey, 2005).

Over the last twenty-five years, the isolation and characterization of
numerous genes have illuminated our understanding of stomatal
development in Arabidopsis. In this model plant, three basic helix-
loop-helix (bHLH) transcription factors, SPEECHLESS (SPCH),
MUTE, and FAMA sequentially specify stomatal lineage identity,
regulate the transition from meristemoids to GMCs, and promote
GCs differentiation, respectively (Ohashi-Ito and Bergmann, 2006;
MacAlister et al., 2007; Pillitteri et al., 2007). The function of these
transcriptional factors requires heterodimerizationwith the functionally
redundant bHLH proteins ICE1 or SCREAM2 (Kanaoka et al., 2008).
With origins which predate the divergence of the mosses and
hornworts, these bHLH proteins diverged prior to the monocot-dicot
split (Chater et al., 2017; Hepworth et al., 2018, and references therein).
This divergence enabled the emergence of newprotein functions, which
are essential for the unique stomatal development of grasses (Raissig
et al., 2017; Wang et al., 2019; Wu et al., 2019).

Recent works have uncovered the role of three orthologues of
Arabidopsis MUTE during stomatal development in three grass
species (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019):
BdMUTE of Brachypodium distachyon, BZU2/ZmMUTE of Zea
mays (maize) and OsMUTE of Oryza sativa (rice). The role of
these genes, regulating the formation of SCs (Raissig et al., 2017;
Frontiers in Plant Science | www.frontiersin.org 311
Wang et al., 2019; Wu et al., 2019), differs from that of AtMUTE.
These orthologues ofMUTE also seem to regulate the identity of
the GMC, with the action of BdMUTE in this process being less
severe. Taken together, these recent discoveries suggest not only
thatMUTE orthologues of grasses have diverged from AtMUTE,
but also that MUTE genes of domesticated grasses studied thus
far have diverged comparatively to BdMUTE.
MUTE ORTHOLOGUES OF GRASSES
RECRUIT SCs

In Brachypodium, maize and rice, like in other grass species,
stomatal complexes comprise a pair of dumbbell-shaped GCs
associated with two SCs (Campbell, 1881; Stebbins and Shah,
1960; Shoemaker and Srivastava, 1973; Kamiya et al., 2003;
Raissig et al., 2017). Interestingly, the mutants subsidiary cell
identity defective (sid) of B. distachyon, bizui2 (bzu2) of maize
and c-osmute of rice, in addition to having impaired other steps
of the stomatal developmental, fail to recruit SCs (Raissig et al.,
2017; Wang et al., 2019; Wu et al., 2019). These mutants have
alterations in their orthologues of Arabidopsis MUTE (Raissig
et al., 2017; Wang et al., 2019; Wu et al., 2019): sid in BdMUTE,
bzu2-1 in BZU2/ZmMUTE and c-osmute in OsMUTE. The
function of these MUTE orthologues contrasts with that of
AtMUTE, which triggers GMC formation only in Arabidopsis
(MacAlister et al., 2007; Pillitteri et al., 2007; Table 1).

How do these grass orthologues of ArabidopsisMUTE recruit
SCs? The expression of the yellow fluorescent protein (YFP)
under the control of the BdMUTE promoter showed that its
FIGURE 2 | ZmMUTE role during the polarization of the subsidiary mother cell (SMC) in maize. The WAVE regulatory complex (WRC) complex polarizes to the cell
surface of the SMC, at the site of guard mother cell (GMC) contact. ZmMUTE moves from the GMC to SMCs, where it binds to PANs promoters and promotes their
induction. PANs accumulate, in a WRC-dependent manner, at the SMC/GMC contact site. PANs then recruit and activate ROPs. Activated ROPs physically interact
and activate the WRC, which activates the ARP2/3 complex. Finally, ARP2/3 activity produces a dense F-actin patch and promotes nuclear migration towards the
GMC in an actin-dependent manner. ZmMUTE may also exert a cell-autonomous role inducing, directly or indirectly, the expression of the hypothetical ligands of
PANs. GMC, guard mother cell. SMC, subsidiary mother cell.
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induction is restricted to GMCs and GCs (Raissig et al., 2017).
However, analysis of transgenic plants expressing the protein
encoded by YFP-BdMUTE construct driven by the BdSPCH2
promoter showed that BdMUTE locates not only in GMCs but
also in SMCs (Raissig et al., 2017). Considering that the
BdSPCH2 promoter is active only in the stomatal lineage cells
(Raissig et al., 2016), Raissig et al. (2017) inferred that BdMUTE
protein moves from the GMC to epidermal cells of neighboring
files. In consonance, successful complementation experiments of
sid mutants with a fusion of the BdMUTE promoter to the YFP-
BdMUTE construct lights up not only GMCs and young GCs,
but also SMCs and young SCs (Raissig et al., 2017). In rice, YFP-
OsMUTE expression driven by the OsMUTE promoter, whose
induction in the developing four-celled complex is restricted to
GMCs (Liu et al., 2009; Wang et al., 2019), lights up also GMCs
and SMCs (Wang et al., 2019). This indicates that OsMUTE, like
BdMUTE, also moves from the GMC to epidermal cells of
neighboring files (Wang et al., 2019). Maize expressing YFP-
ZmMUTE driven by the ZmMUTE promoter illuminates also
GMCs, young GCs and SMCs (Wang et al., 2019). Assuming that
the cellular localization of the ZmMUTE promoter induction is
restricted to GMCs and young GCs, ZmMUTE would also move
from the GMC to epidermal cells of neighboring files. Indeed,
ZmMUTE protein is also able to move from the GMCs to SMCs
in rice, and to epidermal cells adjacent to the stoma in
Arabidopsis (Wang et al., 2019). These experiments strongly
suggest that the recruitment of SCs in grasses depends on the
intercellular movement of the grass MUTE proteins.
Interestingly, the overexpression of BdMUTE driven by the Ubi
constitutive promoter produces not only lateral, but also polar
SCs (Raissig et al., 2017). This emphasizes the relationship
between SCs recruitment and intercellular movement of
MUTE orthologues in grasses. However, direct proof
conclusively validating that the SCs formation relies upon the
grass MUTE intercellular movement is lacking.

Multiple studies have shown that transcriptional factors move
among cells via plasmodesmata (Han et al., 2014). GMCs of
Brachypodium are symplastically connected with surrounding
epidermal cells (Raissig et al., 2017). Therefore, BdMUTE may
Frontiers in Plant Science | www.frontiersin.org 412
also move from the GMC to cells of neighboring files through
plasmodesmata. But, what allows this protein to move laterally
but not radially? Plasmodesmata continuously adjust their
permeability in response to multiple cues (Sager and Lee,
2018). In addition, it is known that the control of this
permeability is essential to the proper segregations of cell fate
determinants during stomatal development in Arabidopsis
(Guseman et al, 2010; Kong et al., 2012). Therefore, the lateral
mobility of BdMUTE, and the unique design of the grass
stomatal complexes, could depend on the restriction of the
permeability of the plasmodesmata that symplastically connect
cells of the same row. Future research should include delving in
this direction.
ZmMUTE REGULATES EARLY EVENTS IN
SMC POLARIZATION

MUTE orthologues of grasses move from the GMC to the cells of
neighboring files and this is linked with the formation of SCs.
But, what do they do there? Wang and co-workers (2019)
examined the role of ZmMUTE, specifically with regard to the
regulation of SMC polarization. They found that cells adjacent to
stomata, placed in neighboring epidermal files, of the bzu2-1
mutant, in contrast to the wild type, do not show enrichment of
F-actin patches at the GMC contact sites or polarization of their
nuclei (Wang et al., 2019). This indicates that SMC polarization
is not cell-autonomous, and that ZmMUTE regulates this process
(Table 1). The bzu2-1 mutation downregulates the transcription
of both PAN1 and PAN2 , indicating that ZmMUTE
transcriptional factor positively regulates PAN1 and PAN2
expression (Wang et al., 2019). Because PAN1, whose
polarization at the SMC/GMC interface requires PAN2
(Cartwright et al., 2009; Zhang et al., 2012), recruits and
activates ROPs (Humphries et al., 2011), ZmMUTE must
induce PANs expression before ROPs polarization (Figure 2).
Interestingly, while the bzu2-1 mutant is almost devoid of SCs
(Wang et al., 2019), most of the SCs of pan1 and pan2 mutants
show no defects and most probably they derive from normal
asymmetric cell divisions (Gallagher and Smith, 2000;
Cartwright et al., 2009; Zhang et al., 2012; Facette et al., 2015).
Therefore, ZmMUTE, or its downstream transcriptional factors,
controls the expression not only of PANs, but also of other
unknown genes to induce the recruitment of SCs. Among these
genes could be those that encode for the hypothetical ligands of
PANs, and his discovery would reveal one of the best-kept secrets
of SMC polarization. If this is so, and assuming that these ligands
emanate from the GMC, ZmMUTE may have both cell-
autonomous and non-cell-autonomous functions (Figure 2).

Yeast one-hybrid and EMSA experiments showed that
ZmMUTE binds to the E-box P1 and P2 motifs of the PAN1
and PAN2 promoters respectively (Wang et al., 2019). This
suggests that the action of ZmMUTE on the expression of
these genes may be direct. This does not rule out that
ZmMUTE could also indirectly affect the activity of PAN1 and
PAN2 promoters through upregulation of positive regulators
TABLE 1 | Functions of AtMUTE and MUTE orthologues of grasses.

Gene
name

Species Gene function References

AtMUTE Arabidopsis
thaliana (Eudicot)

Transition from M to GMC MacAlister et al.,
2007; Pillitteri
et al., 2007

BdMUTE Brachypodium
distachyon
(Monocot,
Poaceae)

Recruitment of SCs. Less
severely, GMC and GCs
identities

Raissig et al.,
2017

BZU2/
ZmMUTE

Zea mays
(Monocot,
Poaceae)

Recruitment of SCs and
GMC identity. Early events in
SMC polarization

Wang et al.,
2019

OsMUTE Oryza sativa
(Monocot,
Poaceae)

Recruitment of SCs and
GMC identity

Wu et al., 2019
GCs, guard cells; GMC, guard mother cell; M, meristemoid; SMC, subsidiary mother cell;
SCs, subsidiary cells.
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and/or downregulation of repressors of PANs expression. For
example, the transcriptional factor Glis3, directly and indirectly,
regulates the expression of the insulin gene (Yang et al., 2009).
The ZmMUTE protein does not bind the E-box P3 motif of the
PAN2 promoter in vitro, but ChlP-qPCR data indicate that it
binds this motif in vivo (Wang et al., 2019). This suggests that the
ZmMUTE protein physically interacts with other proteins to
activate the E-box P3 of the PAN2 promoter (Wang et al., 2019).
Interestingly, yeast two-hybrid and bimolecular fluorescence
complementation assays have just showed that its orthologue
of rice, OsMUTE, interacts with OsICE1 and OsICE2 (Wu et al.,
2019). Therefore, ZmMUTE may interact with their homologs to
regulate the E-box P3 of the PAN2 promoter.
AtMUTE AND GRASS MUTE
ORTHOLOGUES FUNCTIONS HAVE
DIVERGED

BdMUTE, ZmMUTE and OsMUTE conserve the motifs that
could promote their intercellular movement or lack those that
could prevent such movement (Raissig et al., 2017; Xu et al.,
2018; Figure 1B). These proteins move from the GMC to
epidermal cells of neighboring files, where they may specify
SMC identity to recruit SCs (Raissig et al., 2017; Wang et al.,
2019; Wu et al., 2019). In contrast, the Arabidopsis MUTE
protein, whose gene is expressed in GMCs (MacAlister et al.,
2007; Pillitteri et al., 2007), does not move among cells (Wang
et al., 2019). As expected, AtMUTE does not have the conserved
mobility motifs of grass MUTE proteins, but those conserved in
eudicots (Raissig et al., 2017; Figure 1B). In accordance, the
recruitment of SCs does not take place in Arabidopsis. The role
of AtMUTE is restricted to control the meristemoid to GMC
transition (MacAlister et al., 2007; Pillitteri et al., 2007).

The fact that the YFP-BdMUTE construct, driven by the GMC-
specific AtMUTE promoter (MacAlister et al., 2007; Pillitteri et al.,
2007), illuminates not only stomatal precursors but also adjacent
epidermal cells in Arabidopsis (Raissig et al., 2017; Wang et al.,
2019), underlines the very likely importance of the mobility motifs
in the protein movement. Interestingly, this construct does not
induce the recruitment of SCs in Arabidopsis (Raissig et al., 2017;
Wang et al., 2019), highlighting that AtMUTE and BdMUTE have
diverged. AtMUTEp : YFP-ZmMUTE in Arabidopsis also lights up
GMCs and neighboring epidermal cells (Wang et al., 2019). Given
that OsMUTE conserve the motifs that could promote its
movement or lack those that could prevent it (Raissig et al.,
2017), it is expected that this protein also moves from stomatal
precursors to neighboring epidermal cells in Arabidopsis. OsMUTE
and ZmMUTE expressed under the control of the AtMUTE
promoter partially complement the defects of Arabidopsis mute-1
by inducing the formation of stomata from some stomatal
precursors (Liu et al., 2009), but, like BdMUTE, they do not
induce the recruitment of SCs (Figure 4 in Liu et al., 2009).
Although OsMUTE and ZmMUTE, and perhaps BdMUTE,
retain the function of inducing stomata formation, they are
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unable to induce the recruitment of SCs in Arabidopsis. This
underlies that these proteins have diverged from the AtMUTE
protein acquiring of a new function: the recruitment of SCs.
ZmMUTE AND OsMUTE FUNCTION
DIFFERS FROM THAT OF BdMUTE

Although the three orthologues ofMUTE regulate the formation
of SCs, their function during stomatal development is not
identical (Table 1). The bzu2-1 mutant forms GMCs but
displays defects in their divisions, undergoing excessive,
randomly oriented and/or asymmetric divisions (Wang et al.,
2019). This gives rise to short columns of elongated cells instead
of stomata, which results in a slower transpiration rate and in a
decreased photosynthetic activity (Wang et al., 2019). c-osmute
exhibits also columns of undifferentiated cells, produced by
misoriented and/or asymmetric cell divisions (Wu et al., 2019).
Morphologically, the phenotype of the c-osmute mutant is
reminiscent of the bzu2-1 one, and the physiology of c-osmute
mutants must also be dramatically affected. Certainly, both
mutants exhibit a lethal phenotype at the seedling stage (Wang
et al., 2019; Wu et al., 2019).

The sidmutant is fully viable and fertile, although its stomatal
physiology is also affected (Raissig et al., 2017). Like the bzu2-1
and c-osmute mutants, the sid mutant also undergoes
misoriented GMC divisions (Raissig et al., 2017). However, in
contrast to these mutants, about 70% of the GMCs of this mutant
develop dicot-like two celled stomata (Raissig et al., 2017).
Therefore, while bzu2-1 and c-osmute mutants exhibit a fully
penetrant phenotype affecting the division of the GMC (Wang
et al., 2019; Wu et al., 2019), many of GMC divisions of the sid
mutant are normal (Raissig et al., 2017). The molecular nature
triggering the lack of a fully penetrant phenotype in sid is
unknown, and to delve into this question is one of the most
exciting future directions. OsFAMA also controls GC
morphogenesis, with c-osmute exhibiting stomata with swollen
GCs (Wu et al., 2019). This mutant also exhibits a fraction of
swollen SCs, suggesting that, in addition to OsFAMA, other
genes regulate SC differentiation (Wu et al., 2019). Among these
unknown genes could be OsMUTE.

The defects induced by mutations in the grass MUTE
orthologues in the maintenance of the GMC identity could
reflect a mechanism of cellular signaling from the SMC
towards the GMC to induce stomatal formation. It has been
proposed that, prior SC formation, high levels of a grass peptide
similar to AtEPF1/2 may cause GMC arrest (Hughes et al., 2017;
Hepworth et al., 2018), perhaps through the suppression of grass
MUTE orthologues activity specifically in GMCs. Grass MUTE
activity in SMC would allow SC formation. Then, signals from
SCs may activate grass MUTE orthologues in GMCs, perhaps by
reducing grass EPF1/2 production, to promote stomatal
formation. Agree with this, 1) GMCs do not progress to
become stomata until SC formation, and 2) barley overexpressing
HvEPF1 exhibits arrested GMCs (Hughes et al., 2017). It is then
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likely that grass MUTE genes, in addition to having a non-cell-
autonomous role specifying the SMC fate, have a cell-autonomous
one triggering the progression of the GMC fate. The
complementation of the Arabidopsis mute-1 mutant phenotype,
inducing stomatal development from some stomatal precursors,
with at least the OsMUTE and ZmMUTE genes (Liu et al., 2009),
also supports the cell-autonomous role of MUTE orthologues
regulating GMC fate.
GRASS STOMATAL COMPLEXES
IMPROVE STOMATAL FUNCTION

Several works comparing physiological stomatal behaviors
among species with different stomatal complexes suggest that
those of grasses are more efficient (Grantz and Zeiger, 1986;
Franks and Farquhar, 2007; Vico et al., 2011; Merilo et al., 2014;
McAusland et al., 2016; Haworth et al., 2018). The isolation of
the sidmutant, the first grass mutant to date that disrupts the two
main attributes of the grass stomatal complexes, the presence of
dumbbell-shaped GCs and the recruitment of SCs (Raissig et al.,
2017), underscores the important role of this innovative
morphology in the stomatal function (Nunes et al., 2019). The
maximum area of the open pore in the sid mutant, and its gas
exchange capacity, were noticeably smaller than those in the wild
type, even when stomatal opening was induced by the toxin
fusicoccin (Raissig et al., 2017). The sid mutant also exhibited
slower stomatal movements to fluctuating light conditions, and
its stomata could not open as wide compared with the wild type
(Raissig et al., 2017). Consequently, sid mutants produced less
biomass than the wild types (Raissig et al., 2017). These results
link the morphology of the stomatal complexes with its impact
on gas exchange and biomass production in the wild grass
Brachypodium, and strongly they suggest that this relationship
may extend to the remaining grass species.

The improvement of stomatal function in grasses could have
contributed to their expansion and diversification, 30 to 45
million years ago, when a progressive and global aridification
took place (Kellogg, 2001; Hetherington and Woodward, 2003;
Chen et al., 2017). The inability of the sid mutant to open widely
its pores indicates that grass stomatal complexes are associated
with greater stomatal openings and conductance. Interestingly,
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species with greater maximum stomatal conductance exhibit
higher sensitivity to closure during drought (Henry et al.,
2019). Under a global drought, a more sensitive stomatal
closure could have allowed to capture carbon dioxide without
losing too much water, thus favoring the successful
diversification of this plant group. Certainly, Poaceae, with
around 12,000 species, includes almost a quarter of all
monocots of the planet, and it is one of the largest families of
flowering plants. Curiously, the enrichment of species in genera
of monocotyledons is associated with geographical variables, like
larger ranges and lower elevations, rather than with biological
attributes (Tang et al., 2016). It is likely that the success of the
grasses lies partly in their morphology, including their unique
stomatal complexes, and partly in the places they have occupied.
CONCLUDING REMARKS

The development of the unique grass stomatal complex is a great
advantage, which may have contributed to the expansion of this
plant group. Undoubtedly,MUTE orthologues of grasses provide
a starting point to unravel not only the mechanism underlying
stomatal complexes formation, but also the evolution of this
essential trait. MUTE orthologues of grasses have not only
functionally diverged, due to neo-functionalization, from
AtMUTE, but also among them, with BdMUTE exhibiting
divergence from ZmMUTE and OsMUTE. Certainly, protein
phylogenetic analysis of bHLH regulators of stomatal
development supports this view (Wu et al., 2019). The
comparison of the grass MUTE function between domesticated
plants and their wild relatives, will allow us to know if the
agricultural practices have driven the divergence of these genes.
Because grass stomatal complexes have largely contributed to the
adaptive success in hotter and drier environment, delving into
the function of these genes will also provide useful genetic tools
for producing plants with better tolerance to drought caused by
climate change.
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Pores for Thought: Can Genetic
Manipulation of Stomatal Density
Protect Future Rice Yields?
Christopher R. Buckley, Robert S. Caine and Julie E. Gray*

Department of Molecular Biology and Biotechnology, University of Sheffield, Sheffield, United Kingdom

Rice (Oryza sativa L.) contributes to the diets of around 3.5 billion people every day and is
consumed more than any other plant. Alarmingly, climate predictions suggest that the
frequency of severe drought and high-temperature events will increase, and this is set to
threaten the global rice supply. In this review, we consider whether water or heat stresses
in crops — especially rice — could be mitigated through alterations to stomata; minute
pores on the plant epidermis that permit carbon acquisition and regulate water loss. In the
short-term, water loss is controlled via alterations to the degree of stomatal “openness”,
or, in the longer-term, by altering the number (or density) of stomata that form. A range of
molecular components contribute to the regulation of stomatal density, including
transcription factors, plasma membrane-associated proteins and intercellular and
extracellular signaling molecules. Much of our existing knowledge relating to stomatal
development comes from research conducted on the model plant, Arabidopsis thaliana.
However, due to the importance of cereal crops to global food supply, studies on grass
stomata have expanded in recent years, with molecular-level discoveries underscoring
several divergent developmental and morphological features. Cultivation of rice is
particularly water-intensive, and there is interest in developing varieties that require less
water yet still maintain grain yields. This could be achieved by manipulating stomatal
development; a crop with fewer stomata might be more conservative in its water use and
therefore more capable of surviving periods of water stress. However, decreasing
stomatal density might restrict the rate of CO2 uptake and reduce the extent of
evaporative cooling, potentially leading to detrimental effects on yields. Thus, the extent
to which crop yields in the future climate will be affected by increasing or decreasing
stomatal density should be determined. Here, our current understanding of the regulation
of stomatal development is summarised, focusing particularly on the genetic mechanisms
that have recently been described for rice and other grasses. Application of this
knowledge toward the creation of “climate-ready” rice is discussed, with attention
drawn to the lesser-studied molecular elements whose contributions to the complexity
of grass stomatal development must be understood to advance efforts.
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INTRODUCTION

Feeding a global population expected to reach 9.8 billion by 2050
is one of the greatest challenges of our time (McGuire, 2015;
United Nations, 2017). Together with rising temperatures and
dwindling reserves of natural resources such as freshwater, the
problem is exasperated by growing climate instabilities (Stott,
2016). The frequency and intensity of extreme weather events are
projected to increase under future climate scenarios, which will
likely lead to substantial losses of crop yields (Seneviratne et al.,
2012; Challinor et al., 2014). Thus, to alleviate the risk of crop
failures, the development of “climate-ready” crops that can
withstand future climatic stresses should be prioritized.

Rice (Oryza sativa L.) is a major source of food and income
for billions worldwide. In Asia, where over 90% of rice is grown
and consumed (Brar and Khush, 2013; Elert, 2014), the primary
climatic factor for the majority of the growing region is the
monsoon, which contributes >80% of annual rainfall within a
few months (Haefele et al., 2016). Rainfed cultivation accounts
for ~20% of global rice supply yet, as a consequence of this
irregular rainfall, productivity in rainfed regions is already
constrained by drought (Wassmann et al., 2009; Maclean et al.,
2013; Swain et al., 2017). Rice is also susceptible to heat stress,
particularly during the reproductive and grain filling stages
(Matsui et al., 2000; Lin et al., 2010), and there are concerns
that both high-temperature events and droughts are expected to
become more prevalent across the world’s rice cultivation
regions (Krishnan et al., 2011). Furthermore, there is an
increasing requirement to limit water use for crop irrigation,
which already accounts for around 70% of global freshwater
usage (Foley et al., 2011). It is therefore important that water use
efficiency (WUE; defined here as the amount of carbon
assimilated per unit of water lost) and tolerances to heat-stress
and drought are improved to ready rice for future climates.

Plants use microscopic epidermal openings called stomata to
regulate the uptake of CO2 and the release of water between
internal tissue surfaces and the environment (Buckley, 2005).
Typically consisting of a pair of specialised turgor-driven guard
cells (GCs) surrounding a central pore, stomata also function to
regulate plant temperature and to move solutes and water
internally via the transpiration stream. Under water-limiting
conditions stomata close, thereby restricting water loss via
reduced stomatal conductance (gs), with CO2 uptake for
photosynthesis (A), evaporative cooling, and nutrient transfer
often diminished as a result (Arve et al., 2011; Urban et al., 2017).
Because less cooling occurs, stomatal closure exacerbates the risk
of plant organs reaching lethally high temperatures which,
particularly for rice in lower latitudes, may lead to substantial
crop losses (Long and Ort, 2010; Sánchez et al., 2014).

Adjustments to the size of the stomatal pore permit a near-
immediate plant response to a change in the surrounding
environment (Brownlee, 2001). However, when sustained
environmental stimuli arise over longer durations, alterations
to stomatal density (SD; the number of stomata that form per
unit area) and size may also occur (Casson and Gray, 2008; Qi
and Torii, 2018). By increasing SD, gs might be increased, which
in turn may lead to greater evaporative cooling and increases in
Frontiers in Plant Science | www.frontiersin.org 217
A (Tanaka et al., 2013). Conversely, by reducing SD, gs can be
lowered, which may curb water loss and result in improvedWUE
and drought tolerance (Doheny-Adams et al., 2012; Caine et al.,
2019). If reductions in SD do not have a significant detrimental
impact on A or evaporative cooling, the overall benefits of
increased water conservation could represent a viable strategy
to protect certain crops, including rice, against future extreme
weather events (Hepworth et al., 2018).

A deep understanding of the stomatal development program
in rice is required for genetic manipulation of SD. The majority
of our existing knowledge stems from the model plant
Arabidopsis (Arabidopsis thaliana), and this is beginning to be
translated into grass species (to name a few: Raissig et al., 2016;
Raissig et al., 2017; Yin et al., 2017; Abrash et al., 2018; Lu et al.,
2019; Mohammed et al., 2019; Wu et al., 2019). In this review,
our current understanding of the molecular-level control of
stomatal development in rice will be summarized, drawing
comparisons and distinctions between Arabidopsis, the model
grass Brachypodium (Brachypodium distachyon), and other grass
species of agricultural importance such as maize (Zea mays) and
barley (Hordeum vulgare). Then, translating this knowledge into
action, recent advances towards “climate-ready” rice with altered
SD will be discussed.
GRASSES HAVE CONSERVED AND
DIVERGENT ELEMENTS OF STOMATAL
MORPHOLOGY AND DEVELOPMENT

Rice and other cereal crops such as maize, barley, and wheat
(Triticum aestivum) are monocot grasses and, relative to eudicot
plants such as Arabidopsis, are defined by a number of
distinctive features relating to where and how stomata develop
(Raissig et al., 2016; Conklin et al., 2018; Hepworth et al., 2018).
In grass leaves, stomata are organized into evenly distributed
parallel files which are interspersed either side of leaf veins, with
the origin of stomatal development primarily occurring at the
leaf base (Conklin et al., 2018). Whereas stomatal development is
primarily initiated at the leaf base in Arabidopsis, the location of
development is not as constrained as in grasses and the spatial
distribution of stomata appears more random as a result
(Conklin et al., 2018). The culmination of stomatal
development for grasses is a cellular complex composed of a
pair of dumbbell-shaped GCs adjoined on either side by
subsidiary cells (SCs) (Figure 1). These complexes are typically
separated by at least one epidermal cell and thus development
follows the one-cell spacing rule (Sachs, 1991; Chen et al., 2017;
Hepworth et al., 2018). In Arabidopsis, stomatal GCs are kidney-
shaped (Figure 1) and are without flanking SCs but, like grasses,
the one-cell spacing rule is maintained (Hara et al., 2007).

For most plant species, including Arabidopsis and grasses, the
stomatal lineage progresses in much the same way; originating
from a set of undifferentiated epidermal cells at the base of the
leaf known as protodermal cells (Stebbins and Shah, 1960; Yang
et al., 1995; Luo et al., 2012; Pillitteri and Dong, 2013; Raissig
et al., 2016; Hepworth et al., 2018; Endo and Torii, 2019). The
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stomatal lineage is initiated when individual protodermal cells
(known in Arabidopsis as meristemoid mother cells, MMCs)
gain the capacity to undergo asymmetric cell divisions (Figure
1). In both Arabidopsis and grasses an asymmetric entry division
leads to the formation of one smaller daughter cell and one larger
daughter cell (Figure 1). The larger cell in Arabidopsis is termed
a stomatal lineage ground cell (SLGC), while in grasses this cell is
typically referred to simply as a sister cell or long cell. The smaller
cell in Arabidopsis is a meristemoid and retains the ability to
undergo self-renewing amplifying divisions, often generating
Frontiers in Plant Science | www.frontiersin.org 318
several new SLGCs as a result (Figure 1). Although Wu et al.
(2019) refer to the smaller cells in grasses as meristemoids, there
is no evidence in the literature to suggest that these cells possess
the ability to undergo amplifying divisions; instead the smaller
daughter cell expands slightly and transitions directly to a guard
mother cell (GMC) (Raissig et al., 2016; Hepworth et al., 2018).
For clarity, in this review we will refer to the smaller cells derived
from grass asymmetric divisions as GMCs. While Arabidopsis
SLGCs have the ability to undergo a spacing division to form
satellite meristemoids (Pillitteri and Dong, 2013), similar
FIGURE 1 | Comparison of stomatal morphology and development in the leaves of the eudicot Arabidopsis thaliana and monocot grasses. (A) Comparison of guard
cell (GC) morphology: kidney-shaped GCs of A. thaliana (left) and dumbbell-shaped GCs typical of monocot grasses (right). GCs and subsidiary cells (SCs) are
depicted in dark green and blue respectively. (B) Stomatal development in A. thaliana. Meristemoid mother cells (MMCs) (1) divide asymmetrically to form
meristemoids (green) (2). This process of asymmetric division is repeated in the self-renewing meristemoid phase (3). Note, asymmetric spacing divisions of MMCs
occur around this developmental stage, with newly formed satellite meristemoids forming at least one-cell away from pre-existing meristemoids and stomata.
Asymmetric divisions are then terminated and meristemoids transition to guard mother cell (GMC) state (4). GMCs undergo a single symmetric division to produce a
pair of GCs (5) which mature to define the stomatal aperture amid the tessellated pavement cells of the leaf epidermis (6). (C) Stomatal development in grasses
(modelled from barley, Hordeum vulgare). At the beginning of stomatal development, protodermal cells start to proliferate at a faster rate than surrounding cell files
(1). Protodermal cells undergo just one round of asymmetric division, generating smaller GMCs (green) and larger epidermal cells (2). GMCs become enlarged and
provide cues to induce asymmetric divisions in flanking subsidiary mother cells (SMCs) (3) which result in the production of SCs (blue) (4). Analogous to eudicot
stomatal development, GMCs undergo a single symmetric division (5) to produce a pair of daughter cells that differentiate into mature GCs surrounded by columnar
pavement cells (6).
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functionality has not been reported for the larger sister cells of
grasses. However, since the proximal-distal development of grass
stomata is not completely linear, and multiple large epidermal
cells can develop adjacently without the presence of an
intervening GMC (Hepworth et al., 2018), the possibility that
larger sister cells can undergo infrequent satellite divisions to
produce new GMCs cannot be ruled out.

The divergent developmental processes described above
during the beginning of the stomatal lineage are briefly
realigned when meristemoids in Arabidopsis transition to
GMCs and take on a form similar to that of grass GMCs
(Figure 1). However, while Arabidopsis GMCs are typically
programmed to divide symmetrically to form a pair of GCs,
grass GMC cell state is temporarily maintained (Luo et al., 2012;
Pillitteri and Dong, 2013; Hepworth et al., 2018). This allows
asymmetric divisions to occur in both of the adjacent subsidiary
mother cells (SMCs), resulting in the production of a pair of SCs
either side of the GMC. Once SCs have formed, grass GMCs —
like Arabidopsis GMCs — undergo a single symmetric division
to form a pair of GCs. The termination of stomatal development
occurs when nascent Arabidopsis and grass GCs fully
differentiate to become kidney-shaped and dumbbell-shaped
cells respectively (Conklin et al., 2018) (Figure 1).
STOMATAL LINEAGE INITIATION AND
ADVANCEMENT IS GOVERNED BY
TRANSCRIPTIONAL REGULATORS

In Arabidopsis, five basic helix-loop-helix (bHLH) transcription
factors are primarily responsible for regulating stomatal lineage
entry and subsequent advancement to mature stomata. These
bHLHs are known as SPEECHLESS (SPCH), its close paralogues
MUTE and FAMA, and SCREAM (SCRM, also known as ICE1)
and SCRM2 (Ohashi-Ito and Bergmann, 2006; MacAlister et al.,
2007; Pillitteri et al., 2007; Kanaoka et al., 2008) (Figure 2). The
formation of MMCs, asymmetric entry divisions and subsequent
meristemoid self-renewal requires the first of these, SPCH
(Pillitteri and Dong, 2013; Endo and Torii, 2019). MUTE
activity is then required to terminate asymmetric divisions and
promote the differentiation of meristemoids into GMCs
(Pillitteri et al., 2007). Recent work by Han et al. (2018) has
shown that MUTE also promotes the GMC-to-GC division by
directly inducing the expression of a series of cell-cycle genes that
trigger the symmetric divisions of GMCs. MUTE also promotes
the transcriptional repressor of these genes, FAMA, which
together with the closely related MYB proteins FOUR LIPS
(FLP) and MYB88, acts to inhibit extraneous symmetric
divisions of GMCs and promote GC maturation (Ohashi-Ito
and Bergmann, 2006; Han et al., 2018). At each specific stage of
cell division and transition, SPCH, MUTE, and FAMA form
obligate heterodimer complexes with SCRM and SCRM2
(Kanaoka et al., 2008; Conklin et al., 2018). These complexes
are crucial to the activity of SPCH, MUTE and FAMA; double
Arabidopsis scrm scrm2 knockout plants fail to produce cells that
enter the stomatal lineage (Kanaoka et al., 2008).
Frontiers in Plant Science | www.frontiersin.org 419
There are many hormonal stimuli that directly and/or
indirectly regulate stomatal development. For example, the
abiotic stress signal abscisic acid (ABA), is known to be an
important regulator of both stomatal development and stomatal
closure (Chater et al., 2014). However, since our understanding
of hormonal regulation in grass stomatal development is limited
with respect to our knowledge from Arabidopsis, here we will
focus primarily on the core transcription factor-driven stomatal
development module. For further information on the hormonal
control of stomatal development, see Qi and Torii (2018) or
Zoulias et al. (2018).
NOVEL AND DISTINCT BHLH FUNCTIONS
IN RICE AND OTHER GRASSES

Several phylogenetic studies have concluded that SPCH, MUTE,
FAMA, SCRM, and SCRM2 are highly conserved across land
plants, with SPCH undergoing a duplication event in grass
species (MacAlister and Bergmann, 2011; Ran et al., 2013;
Chater et al., 2017; Qu et al., 2017) (Figure 3). Despite the
divergence of stomatal morphology and development in grasses
(Figure 1), bHLH orthologues have now been characterised in
both rice (Liu et al., 2009; Wu et al., 2019) and Brachypodium
(Raissig et al., 2016), with some discreet differences in
functionality detected (Figure 2).

Recent research has shown that the two bHLH SPCH
paralogues — OsSPCH1 and OsSPCH2 — both contribute to
stomatal development in rice. Despite this, a reduction in GMC
number and SD is only observed in single osspch2 knockout
plants (Liu et al., 2009; Wu et al., 2019). Analysis of downstream
gene expression in osspch1 and osspch2 single mutants support
this finding asOsMUTE andOsFAMA are only downregulated in
osspch2 plants (Wu et al., 2019). However, a more severe effect on
development is observed in osspch1 osspch2 double knockouts
where no GMCs or stomata form, suggesting that OsSPCH1 does
contribute to early stomatal development in the absence of
OsSPCH2 (Wu et al., 2019). Genetic reporter analyses in
Brachypodium further emphasize the importance of the grass
SPCH2 paralogue over SPCH1 (Raissig et al., 2016). A BdSPCH2
signal can be strongly detected from the initiation of stomatal
development until SC formation, whereas BdSPCH1 displays a
lower overall activity, with the strongest signal occurring after the
initial asymmetric division and declining before SC formation
begins. Relative to the mild stomatal phenotype of bdspch1
knockouts, bdspch2 plants have a drastically reduced SD,
consolidating SPCH2 as the main player in initiating stomatal
development in grasses (Raissig et al., 2016). Nevertheless, as
with rice double knockouts, bdspch1 bdspch2 plants also fail to
form GMCs or stomata, suggesting that in both grass species
studied thus far, at least one SPCH gene must be present for cells
to enter the stomatal lineage (Figure 2).

Functioning downstream of SPCH in Arabidopsis, MUTE
stops meristemoid amplifying divisions, promotes GMC
formation and subsequently promotes the symmetric GMC
division which leads to the formation of GC pairs (Pillitteri
February 2020 | Volume 10 | Article 1783
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et al., 2007; Han et al., 2018). Grasses are not thought to possess
self-renewing meristemoids, yet by generating osmute gene
knockout lines, Wu et al. (2019) reported that OsMUTE
functions primarily to prevent ectopic divisions of GMCs
(Figure 2), as GMCs appear to undergo further division(s)
Frontiers in Plant Science | www.frontiersin.org 520
before arresting in osmute plants. Interestingly, like in rice,
ZmMUTE has recently been shown to be responsible for
preventing ectopic divisions in maize, with multiple aborted
GMCs often found to be stacked within a stomatal file in
maize zmmute (also termed bizui2) mutants (Wang et al.,
FIGURE 2 | Simplified models of bHLH-mediated stomatal cell lineage transitions in Arabidopsis thaliana and grasses. Five basic helix-loop-helix (bHLH) transcription
factors, SPEECHLESS (SPCH), MUTE, FAMA, and their heterodimeric partners SCREAM (SCRM) and SCRM2 exhibit control over stomatal cell type transitions and
are conserved across land plants. (A) Stomatal development in A. thaliana. SPCH directs asymmetric divisions of meristemoid mother cells (MMCs) and promotes
the meristemoid self-renewing divisions. Epidermal patterning factor 2 (EPF2) and EPF-like protein 9 (EPFL9) are antagonistic regulators of SPCH; competing to
suppress and promote its activity respectively. MUTE terminates the meristemoid self-renewing state and promotes guard mother cell (GMC) differentiation and GMC
symmetric division. EPF1 primarily targets MUTE; by restraining its activity extra symmetric divisions of GMCs are prevented. EPF1, like EPF2, is assumed to
compete with EPFL9 for the regulation of MUTE. FAMA also prevents ectopic symmetric divisions of GMCs and ultimately promotes guard cell (GC) maturation
together with the closely related MYB proteins FOUR LIPS (FLP) and MYB88. At each stage of transition, SPCH, MUTE and FAMA form obligate heterodimer
complexes with SCRM or SCRM2. (B) The molecular control of stomatal development is ‘alternatively wired’ in monocotyledonous grasses such as rice (Oryza
sativa) and Brachypodium (Brachypodium distachyon). It has been suggested that the transcription factors SHORTROOOT1 and SHORTROOT2 (SHR1/2) are
involved in the establishment of stomatal lineage cell files (dashed arrow). SPCH has been duplicated and both homologues act to induce asymmetric divisions in
these stomatal lineage cells, with SPCH2 the more predominant actor. MUTE promotes GMC differentiation and is involved in the formation of subsidiary cells (SCs)
in neighboring subsidiary mother cells (SMCs). As in Arabidopsis, FAMA inhibits supernumerary symmetric divisions of GMCs, probably in combination with a single
FLP protein. SCRM and SCRM2 also appear to form heterodimer complexes with the aforementioned bHLHs throughout the lineage, as is observed in Arabidopsis.
SHR1/2 and their partner transcription factors SCARECROW1/2 (SCR1/2) exert regulatory influence at each stage of transition. EPFs/EPFLs are also present during
grass stomatal development and, while they can demonstrably constrain or promote development, exactly where and how they regulate the grass bHLHs has not
been determined (dashed arrows).
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2019). Ectopic divisions of GMCs often occur in irregular
orientations in osmute plants and it is unclear whether the
stacking phenotype that is observed in maize zmmute mutants
also occurs in the rice mutants. In both osmute and zmmute,
neither GCs or SCs form, which for zmmute plants results in
seedling lethality around 14 days post-germination. Taken
together, these observations show that if MUTE functionality is
compromised it is possible to invoke meristemoid-like activity in
grasses. However, as mentioned previously, to date no grass
species surveyed has naturally exhibited such a cell type.

In OsMUTE-overexpressing plants, Wu et al. (2019) report
that all epidermal cells aside from silica and cork cells take on
GC-like identity although, upon inspection of the images
provided, this suggestion is difficult to interpret as the cells
that form appear to be undifferentiated. This is especially
apparent when the given examples are contrasted with
overexpression studies of MUTE in Arabidopsis. In
Arabidopsis, ectopic GCs form as part of a stoma and are
more clearly GC-like (Pillitteri et al., 2007). To truly determine
the identity of the cells generated via OsMUTE overexpression—
Frontiers in Plant Science | www.frontiersin.org 621
and thus understand more about OsMUTE functionality and
governance of cell state— it would be useful to repeat the genetic
manipulation of OsMUTE in reporter plants that convey GMC,
SC, and GC identity.

Whereas neither GCs or SCs form in osmute and zmmute
knockout mutant plants, GC pairs do form in bdmute knockout
mutant plants, but these GCs are devoid of SCs (Raissig et al.,
2017). By generating YFP-BdMUTE reporter lines, it has been
demonstrated that the BdMUTE protein is mobile and can
promote asymmetric SC entry divisions by entering SMCs
from neighboring GMCs (Raissig et al., 2017). Despite the
phenotypic discrepancy between bdmute mutants and zmmute
and osmute mutants, Wang et al. (2019) showed that ZmMUTE
and OsMUTE are also capable of travelling from GMCs to SMCs.
Similarly to what was initially described in Brachypodium YFP-
BdMUTE reporter lines, YFP-ZmMUTE and YFP-OsMUTE
signals are detectable in both GMCs and neighboring SMCs
immediately prior to SC-forming divisions in maize and rice,
respectively (Raissig et al., 2017; Wang et al., 2019). Yet, unlike
osmute and zmmute, the course of GMC and GC development is
FIGURE 3 | Phylogenetic analysis of SPEECHLESS (SPCH), MUTE, and FAMA peptide sequences in Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), and
Brachypodium (Brachypodium distachyon). Peptide sequences were obtained via BLAST searches of the rice and Brachypodium genomes using Phytozome v12. All
peptide sequences with expect values (E-values) < 1 x 10-30 against AtSPCH, AtMUTE, and AtFAMA were used in the analysis. Stomatal bHLH peptide sequences
PpSMF1 and PpSMF2 from the non-vascular moss Physcomitrella patens were included for evolutionary context; obtained from Chater et al. (2017). A total of 18
peptide sequences were involved in the phylogenetic analysis. Peptide sequences were aligned using the MUSCLE algorithm (Edgar, 2004). The phylogenetic tree
was constructed using the neighbor-joining method (Saitou and Nei, 1987). The optimal tree with the sum of branch length = 4.05347046 is shown. A bootstrap test
was performed (1,000 replicates) and the percentage of replicate trees that clustered taxa into the conformation displayed is shown adjacent to the nodes.
Evolutionary distances between peptide sequences (in units of amino acid substitutions per site) were calculated using the Poisson correction method (Zuckerkandl
and Pauling, 1965). The tree is drawn to scale, with branch lengths proportionate to the evolutionary distances used to infer the tree. All evolutionary analyses were
performed in MEGA6. From left to right, species name, gene accession number and gene name (if characterised) are labeled at the branch tips. The clades
comprising SPCH, MUTE, and FAMA orthologues are coloured red, blue and green respectively.
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less perturbed in bdmute knockout plants, and thus MUTE’s
involvement in the regulation of GMC cell fate and divisions
appears to show some variation amongst different grass species.

OsFAMA function has been analyzed via the production of
both T-DNA and CRISPR osfama mutants, with both methods
revealing that OsFAMA acts to promote GC maturation in rice
(Liu et al., 2009; Wu et al., 2019) (Figure 2). Intriguingly, ectopic
GMC divisions (as in osmute) and, in some cases, undivided
SMC cells are detectable in osfama knockout plants (Wu et al.,
2019). This implies that FAMA, perhaps in combination with
MUTE, contributes to the regulation of SMC asymmetric
divisions and GMC symmetric divisions in rice. There are no
reports yet that describe how FAMA functions during
Brachypodium or maize stomatal development, and so at
present it is not possible to compare the function of other
grass FAMA orthologues with that of OsFAMA. It will be
interesting to learn whether BdFAMA and ZmFAMA also
partake in events upstream of GC formation as has been
shown in OsFAMA.

Genes with high sequence similarity to Arabidopsis SCRM and
SCRM2 have been identified in rice (Os11g32100 andOs01g71310
respectively), suggesting that the heterodimerisation of bHLH
transcription factors observed in Arabidopsis also occurs in rice
(Liu et al., 2009) (Figure 2). The proposed protein-protein
interactions of these gene products — OsSCRM and OsSCRM2
— with the aforementioned stomatal development genes
(OsSPCH1/2, OsMUTE, and OsFAMA) have now been
confirmed in vitro via bimolecular fluorescent complementation
(BiFC) and yeast two-hybrid (Y2H) assays (Wu et al., 2019). Like
Arabidopsis SCRM and SCRM2, OsSCRM and OsSCRM2 act
redundantly during stomatal development, with double scrm
scrm2 knockouts leading to the absence of all stomatal lineage
cell types and stomata in both species (Kanaoka et al., 2008; Wu
et al., 2019). Whereas osscrm CRISPR knockout mutants fail to
produce stomata (and only a few meristemoids form in early
development), Arabidopsis T-DNA knockdown plants with little-
to-no SCRM expression produce a range of stomatal lineage cells
(at various aborted stages) as well as stomata (Kanaoka et al.,
2008). However, when equivalent osscrm T-DNA knockouts are
examined in rice (which display aweaker phenotype thanCRISPR
osscrm plants), the function of OsSCRM appears to more closely
mirror that of AtSCRM. This is because aborted stomatal lineage
cells can be observed throughout the development stages,
implying that, together with OsSPCH1/2 in early development,
OsSCRM probably associates with OsMUTE and OsFAMA in
vivo (Wu et al., 2019). In contrast to scrm knockouts, stomatal
development is unaffected in both atscrm2 and osscrm2 knockout
mutants, suggesting that these paralogous proteins play a minor
role in the development of stomata in their respective species
(Kanaoka et al., 2008; Wu et al., 2019).

In Brachypodium, the roles of BdSCRM and BdSCRM2 are
more distinct. Both bdscrm and bdscrm2 single mutants produce
a seedling lethal phenotype, owing to an inability to produce
mature stomata (Raissig et al., 2016). While bdscrm plants fail to
produce any stomatal lineage cells, entry to the stomatal lineage
is not blocked in bdscrm2 mutants; instead aborted four-cell
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complexes form which fail to progress to mature stomata
(Raissig et al., 2016). This indicates that BdSCRM2 might fulfil
a novel function later in development which is independent of
BdSCRM (Raissig et al., 2016). It is conceivable that this function
is to specifically interact with FAMA and drive the formation of
mature stomata. Thus, it will be interesting to learn whether the
stomatal phenotype of bdfama matches that of bdscrm2.
Considered across the species discussed, there are clear
similarities and some subtle differences in the function and
coordination of the bHLH transcription factors; both between
the grasses and Arabidopsis and within the grasses themselves.
SIGNALING PEPTIDES CAN ADJUST
STOMATAL DEVELOPMENT IN GRASSES

For plants to adjust their leaf SD, succinct titration of bHLH
activity is essential. This is particularly true of SPCH, which has a
diverse range of transcriptional targets in Arabidopsis, with
chromatin immunoprecipitation-sequencing (ChIP-Seq)
experiments identifying over 8,000 genomic binding sites (Lau
et al., 2014). To coordinate the activity of SPCH (and other
bHLHs) during stomatal development, intra- and extracellular
signalling are particularly important and, in Arabidopsis, much
research has been conducted into these signalling modules.

Arabidopsis uses apoplastic cysteine-rich signalling peptides
called epidermal patterning factors (EPFs) and EPF-like (EPFL)
peptides to convey extracellular signals between stomatal lineage
cells, mesophyll cells, and cells destined to become pavement
cells (Simmons and Bergmann, 2016) (Figure 2). EPF2 and EPF1
negatively regulate SD; EPF2 primarily by preventing stomatal
lineage entry and meristemoid amplifying divisions (Hara et al.,
2009; Hunt and Gray, 2009); EPF1 by restricting meristemoid
identity and facilitating the correct orientation of SLGC spacing
divisions (Hara et al., 2007; Qi et al., 2017). On the other hand,
EPFL9 promotes stomatal development in opposition to EPF2
and EPF1 (Hunt et al., 2010; Sugano et al., 2010). At the plasma
membrane, EPF/EPFL signals are perceived by members of the
ERECTA family (ERECTA, ER; ERECTA-LIKE1, ERL1; and
ERECTA-LIKE2, ERL2) of receptor kinases along with the
receptor protein TOO MANY MOUTHS (TMM) (Nadeau and
Sack, 2002; Shpak et al., 2005; Lin et al., 2017).The binding of
EPF2 to an ER/TMM complex in the presence of somatic
embryogenesis receptor kinases (SERKs) promotes signal
transduction across the plasma membrane into the cytoplasm;
thereby activating the intracellular mitogen-activated protein
kinase (MAPK) pathway (Meng et al., 2015). When activated,
this pathway culminates in the phosphorylation and subsequent
degradation of SPCH (Lampard et al., 2008). EPFL9 acts
antagonistically to EPF2 by competing to bind to the ER/TMM
complex (Lee et al., 2015). If successful in doing so, EPFL9 can
prevent SPCH degradation by blocking activation of the MAPK
pathway (Bergmann et al., 2004; Lampard et al., 2008). Rather
than an ER/TMM complex, EPF1 preferentially binds to ERL1,
which also associates with TMM and, like EPF2, probably
competes with EPFL9 for binding (Lee et al., 2015).
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Like with the bHLH transcription factors, functional
orthologues of EPF/EPFLs are also present in grasses (Tanaka
et al., 2013; Caine et al., 2016; Hughes et al., 2017; Yin et al., 2017;
Lu et al., 2019) (Figure 2). Moreover, phylogenetic analysis also
suggests that ERECTA and TMM genes are present, with
OsERECTA already shown to be a governor of heat tolerance
in rice (Shen et al., 2015). As in Arabidopsis, there are probably
two EPF genes involved in negatively regulating stomatal
development in grasses (Hepworth et al., 2018; Lu et al., 2019).
However, rather than one EPFL9 gene, grasses normally have
two; EPFL9a and EPFL9b (Hepworth et al., 2018; Lu et al., 2019).
Using CRISPR-Cas9 and CRISPR-Cpf1 genome editing, Yin
et al. (2017) have shown that OsEPFL9a plays a major role in
regulating rice stomatal development, with osepfl9a knockout
plants having a ~90% reduction in SD. Conversely,
overexpression of OsEPFL9a has been shown to moderately
increase SD and reduce stomatal size (Mohammed et al, 2019).
Interestingly, little-to-no clustering of stomata occurs upon
OsEPFL9a overexpression in rice, whereas the large increase
in density in EPFL9-overexpressing Arabidopsis plants is driven
by stomatal clustering (Hunt et al., 2010). Despite this, exactly
how, where and when OsEPFL9a contributes to stomatal
lineage progression is still not well understood and requires
further study. While no equivalent OsEPFL9b knockout or
overexpressing rice plants have been generated thus far, recent
work in Arabidopsis has shown that OsEPFL9b can moderately
increase SD when overexpressed (Lu et al., 2019). In contrast to
OsEPFL9a overexpression, OsEPFL9b-overexpressing plants
have a tissue-specific clustering phenotype, with stomatal
clusters forming in hypocotyls but not rosette leaves (Lu et al.,
2019). Nevertheless, based on evidence that is currently available,
it seems that OsEPFL9a is the dominant player in stomatal
development, with OsEPFL9b perhaps playing a minor role.

In barley and wheat, Hughes et al. (2017) and Dunn et al.
(2019) have shown that overexpression of HvEPF1 and TaEPF1B
leads to inhibition of multiple stages of the stomatal lineage,
including asymmetric entry divisions, GMC development and
the formation of SCs. Overexpression of HvEPF1 in Arabidopsis
produces a similar phenotype to that of Arabidopsis EPF1
overexpression, whereby meristemoid differentiation is
perturbed, resulting in a clustering of small cells around a
central meristemoid (Hughes et al., 2017). Given that cells
derived from asymmetric entry divisions in grasses are not
believed to take on meristemoid-like identity, it is intriguing
that HvEPF1 is capable of regulating meristemoid fate in
Arabidopsis. This finding, together with findings from wheat,
suggests that EPF1 orthologues probably act relatively early in
the stomatal lineage in grasses, but further investigation is
required to ascertain exactly where and how these gene
products are functioning. Subsequent work by Caine et al.
(2019) and Lu et al. (2019), where OsEPF1 was overexpressed
in both rice and Arabidopsis, produced similar results to those in
barley and in wheat, with strong overexpression of OsEPF1 in
rice resulting in the majority of protodermal cells failing to enter
the stomatal lineage (Caine et al., 2019). As with OsEPF1,
increasing the expression of OsEPF2 effectively reduces the SD
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of both rice and Arabidopsis, with phenotypic similarities to
OsEPF1 overexpression in each instance (Lu et al., 2019). Clearly,
assessment of how EPF/EPFLs regulate SD in rice has provided
insight to their function, but more research (including
generation of osepf1, osepf2 single knockout and osepf1 osepf2
double knockout plants) is required to enable a more succinct
understanding of how rice stomatal development unfolds.

Little is known about how EPF signals are transduced to
nuclear-residing bHLH transcription factors during grass
stomatal development. However, a recent report has confirmed
that like in Arabidopsis, a member of the MAPK pathway,
YODA, is involved in regulating stomatal development in
Brachypodium (Abrash et al., 2018). Abrash et al. (2018) show
that bdyda1 knockout mutants have a large increase in SD and a
severe stomatal clustering phenotype, whereby approximately
86% of stomata are involved in cell clusters. Interestingly, rather
than arising as a result of faulty physical asymmetry in cell
divisions (as in Arabidopsis yda mutants), cell clusters in bdyda
mutants result from a failure of differentiation and fate
reinforcement after asymmetric entry divisions have already
occurred (Bergmann et al., 2004; Abrash et al., 2018). Thus,
although YDA proteins influence entry to the stomatal lineage in
both Brachypodium and Arabidopsis, their roles appear to be
distinct. In Arabidopsis, YDA is a pre-division regulator, whereas
BdYDA acts post-division to reinforce cell fate in Brachypodium
(Abrash et al., 2018).
MOVING AWAY FROM THE USUAL
SUSPECTS: OTHER PLAYERS IN RICE
STOMATAL DEVELOPMENT

SCARECROW and SHORTROOT Control
Cell File Positioning
Until recently, the positional signals that prompt the
specification of grass stomatal cell files remained unclear.
Schuler et al.’s (2018) study of rice and maize SHR orthologues
has shed new light onto this area. In Arabidopsis, SHR interacts
with another transcription factor, SCARECROW (SCR), in the
shoots to position bundle sheath cells around the developing
vasculature (Cui et al., 2014). Given that (i) vascular patterning
and stomatal patterning are coordinated, (ii) stomatal cell files
are specified (laterally) adjacent to procambial centres in grasses,
and (iii) OsSHR1 and OsSCR1 are expressed in stomatal lineage
cells, it was proposed that SHR-SCR interactions might
contribute to the specification and spacing of stomatal cell files
in grasses (Kamiya et al., 2003; Schuler et al., 2018). Indeed,
ectopic expression of ZmSHR1 in the rice epidermis (chosen to
avoid potentially silencing another SHR gene, OsSHR2) does lead
to the formation of extra stomatal cell files positioned further
from the leaf veins (Schuler et al., 2018). In line with these
findings, double knockout osshr1 osshr2 rice plants have been
shown to have reduced SD, with phenotypes suggesting that
OsSHR1/2 act redundantly at multiple points during the
stomatal lineage (Wu et al., 2019) (Figure 2). Despite these
February 2020 | Volume 10 | Article 1783

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Buckley et al. Manipulation of Rice Stomata
findings suggesting that OsSHR1/2 promote stomatal formation,
Wu et al.’s (2019) study does not indicate that overexpression of
OsSHR1 or OsSHR2 alters the number of stomatal cell files, nor
does SD increase when either gene is overexpressed. It is unclear
whether this is because of gene silencing (as alluded to above) or
whether OsSHR1 or OsSHR2 are genuinely incapable of
promoting new stomatal files in rice.

Wu et al. (2019) also investigated the function of OsSCR1 and
OsSCR2 during rice stomatal development and found that like
OsSHR1/2, OsSCR1 and OsSCR2 positively regulate SD at
multiple stages (Figure 2). While OsSCR1 has a prominent
role, OsSCR2 function is only noticeable in osscr1 osscr2
double knockouts and not in single knockout osscr2 mutants.
Binding assays have confirmed the existence of OsSHR-OsSCR
interactions in vitro, suggesting that rice replicates the functional
link between SHRs and SCRs that is observed in Arabidopsis.
Further analysis of the genomic targets of SHRs and SCRs in
grasses might help to clarify exactly how and when they regulate
stomatal development and thus may also have implications for
the optimisation of SD in rice.

Cyclins and Cyclin-Dependent Kinases
in the Rice Stomatal Lineage
Whereas the rice stomatal bHLHs are thought to invoke and
regulate specific cell identities and divisions in the rice stomatal
lineage, the precise mitotic control of these divisions has not been
well-studied. Across life, specific cyclin-CDK (cyclin-dependent
kinase) complexes are known to govern cell cycle transitions
(Harashima et al., 2013; Han and Torii, 2019). In the Arabidopsis
stomatal lineage, complexes of A2-type cyclins (CYCA2s) and a
B-type CDK, CDKB1;1, promote symmetric divisions of GMCs
(Boudolf et al., 2009; Vanneste et al., 2011). Undivided GCs are
common in triple knockouts of CYCA2s (cyca2;134 and
cyca2;234) and in cdkb1;1 mutants, and the nuclear DNA
content of cells from the former is double that of normal GCs,
suggesting that they are arrested at the G2-to-M phase (Boudolf
et al., 2004; Vanneste et al., 2011).

While four CYCA2s are found in Arabidopsis, only one
CYCA2 gene, OsCYCA2;1, is present in the rice genome (La
et al., 2006; Qu et al., 2018). BiFC assays have shown that
OsCYCA2;1 and OsCDKB1;1 (orthologue of Arabidopsis
CDKB1;1) form a functional complex in rice (Qu et al., 2018).
Yet, in contrast to Arabidopsis, when OsCYAC2;1 or OsCDKB1;1
are knocked down, GMC divisions are uninterrupted (Qu et al.,
2018). Intriguingly, fewer asymmetric entry divisions are
observed in stomatal cell files in OsCYCA2;1-RNAi plants,
leading to an overall reduction in SD (Qu et al., 2018).
Nevertheless, both OsCYCA2;1 and OsCDKB1;1 can rescue the
defective phenotypes of Arabidopsis cyca2 and cdkb1 mutants
respectively (Qu et al., 2018). Thus, the functions of CYCA2s and
CDKB1;1 must be somewhat conserved between rice and
Arabidopsis despite the divergence in the timing of their
activity (Qu et al., 2018).

Connections between the core bHLH module and cell-cycle
regulators in the Arabidopsis stomatal lineage are beginning to be
identified (Xie et al., 2010; Lau et al., 2014; Adrian et al., 2015; Han
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et al., 2018). In the early lineage, CYCD3s are upregulated in
response to SPCH expression (Adrian et al., 2015), with CYCD3;1
targeted directly by SPCH (Lau et al., 2014). Later in development,
inducers of symmetric GMC divisions— CYCD5;1, CYCA2s, and
CDKB1;1 — are directly upregulated by MUTE; a recent finding
that has implicated MUTE as a governor of the GMC symmetric
division (Han et al., 2018). FAMA and FLP/MYB88 are
responsible for negatively regulating this symmetric division by
ensuring that GCs do not undergo further divisions (Lai et al.,
2005; Lee et al., 2014).WhereasMUTE enhances the expression of
CDKB1;1, FLP represses its expression by binding to a cis-
regulatory region in its promoter sequence (Xie et al., 2010). A
single orthologue of FLP/MYB88, OsFLP, is present in the rice
genome (Wu et al., 2019). Akin to its role in Arabidopsis, OsFLP
appears to be involved in the regulation of symmetric divisions in
rice, as knocking out its expression leads to abnormal division of
GMCs (Wu et al., 2019) (Figure 2). However, as described earlier,
CDKB1;1 does not influence the GMC-GC transition in rice, so
the genomic targets of OsMUTE and OsFLP must have diverged
to some extent. Thus, exactly how the functions of other cyclins
and CDKs are programmed in the rice stomatal lineage must now
be determined. Furthermore, by investigating the cyclin-CDK-
mediated regulation of asymmetric SC entry divisions, insight will
be gained as to how the regulatory machinery of the plant cell-
cycle has been adjusted in grasses to accommodate these unique
cell divisions.
MANIPULATING GAS EXCHANGE IN RICE
BY ALTERING STOMATAL DENSITY

Decreasing Stomatal Density Improves
WUE and Drought Tolerance
Our extensive knowledge of stomatal development in Arabidopsis
is gradually being translated into rice and other grasses. Now, by
harnessing this knowledge, efforts are being made to alter the
stomatal development of rice to create crops that might be better
suited to future climate conditions. Decreasing the number of
stomata on the leaves of rice couldmaintain its productivity in the
future hotter, drier climate (Caine et al., 2019). Reducing SD in
Arabidopsis, maize, and barley demonstrably improves WUE
and/or drought tolerance (Hepworth et al., 2015; Liu et al.,
2015; Hughes et al., 2017). However, until Caine et al.’s (2019)
study, it was unclear whether this finding could be replicated in
rice given the potentially negative impact of constraining the
transpiration rate of such a water-intensive crop (Hoekstra and
Chapagain, 2006). To test this hypothesis, Caine et al. (2019)
engineered a rice cultivar (IR64) to overexpress OsEPF1, creating
plants with up to an 88% reduction in stomata density (relative to
wildtype SD). Direct examinations of whole-plant water use have
shown that OsEPF1-overexpressing (OsEPF1oe) plants consume
around 40% less water than control plants over equivalent
periods, due primarily to reductions in gs (Caine et al., 2019).

In future predictions of the climate, plants will be faced with a
dilemma: close stomata to save water or keep them open to stay
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cool (Chaves et al., 2016). Whereas both elevated atmospheric
CO2 or reduced water availability trigger stomatal closure in
plants, exposure to increased temperatures could lead to lethal
overheating or photoinhibition if transpirational cooling is not
maintained (Bertolino et al., 2019). By this logic, plants
engineered to have fewer stomata should be more susceptible
to heat-stress (Urban et al., 2017). However, thermal imaging of
OsEPF1oe and comparable control plants subjected to droughted
conditions reveals a heightened capacity for evaporative cooling
in OsEPF1oe plants during late-stage drought. Essentially,
OsEPF1oe plants are able to restrict transpiration during the
early stages of drought, meaning more water is available for
maintenance of evaporative cooling later in the drought (Caine
et al., 2019). Moreover, under well-watered conditions at
elevated temperature, OsEPF1oe plants can increase the
aperture of their stomata, thereby mitigating the potentially
detrimental effect of having fewer stomata when conditions are
more favorable (Caine et al., 2019).

Although results have not been replicated in the field, during
laboratory-simulated drought treatments OsEPF1oe grain yields
are at least equivalent to controls (Caine et al., 2019).
Interestingly, when drought is introduced during flowering
(after 88 days of growth), lines with moderate stomatal
reductions (OsEPF1oeW) outperform both control plants and
those with more severe reductions (OsEPF1oeS). In these plants,
both grain yield and above-ground biomass are increased,
suggesting that subtle adjustments to SD might be beneficial
during drought at the flowering stage (Caine et al., 2019). After
the same treatment, the 1,000 grain weight of all OsEPF1oe lines
is significantly higher than that of controls (Caine et al., 2019).
Exposure to high temperatures during grain filling is known to
reduce the content of starch molecules and storage proteins in
rice grains (Lin et al., 2010). Therefore, the observed
maintenance of grain weight in OsEPF1oe lines in droughted
conditions might be due to prolonged transpirational cooling of
the heat-sensitive flowers (Morita et al., 2016).

Can Increases to Stomatal Density
Improve Photosynthetic Efficiency?
It has been shown that changes to stomatal size and density can
be correlated with gs, and so it follows that genetic manipulation
of SD has the potential to increase photosynthetic gas exchange
(Franks et al., 2012). However, as pointed out by Harrison et al.
(2019), such a coupling between SD and gas exchange does not
always exist in practice. Nevertheless, Arabidopsis EPFL9-
overexpressing plants (with ~600% increased SD) show
enhanced A at both ambient and elevated CO2, probably due
to a much increased gs (Tanaka et al., 2013). This is despite the
occurrence of stomatal clustering, a trait that has been shown to
negatively impact photosynthetic performance (Dow et al.,
2014). In rice plants that overexpress OsEPFL9a, gas exchange
(both A and gs) is unchanged, although this may be a signature of
the smaller increase in SD (~20%–30%) in these plants relative to
Arabidopsis EPFL9-overexpressing plants (Mohammed et al.,
2019). A similarly modest increase in SD in rice has been
generated via the overexpression of a maize SHORTROOT
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gene, ZmSHR1 (Schuler et al., 2018). Like with OsEPFL9a
overexpression, higher SD in ZmSHR1-overexpressing plants
does not lead to an enhancement of A or gs (Schuler et al.,
2018). For OsEPFL9a overexpression, the lack of increase in
either parameter may be explained by a concurrent reduction in
stomatal size (Mohammed et al., 2019). Perhaps if changes to the
stomatal number were more significant — as in Tanaka et al.
(2013) — the compensatory effect of reduced stomatal size in
OsEPFL9a-overexpressing plants might have less of an impact in
preventing gs from increasing.

As discussed previously, manipulating SD will create a trade-
off between the uptake of CO2 and the control of transpirational
water flow. Indeed, in Arabidopsis, enhancement of A in Tanaka
et al.’s (2013) AtEPFL9-overexpressing plants is not translated to
biomass gains. This is likely due to the plants being more prone
to water loss, as transgenic plants with greater SD have
significantly greater transpiration rates (Tanaka et al., 2013).
Relative to Arabidopsis and other plants, rice might be more able
to afford an increased rate of water loss, as the majority (~75%)
of production is sourced from irrigated lowland systems (Zhao
et al., 2011). Moreover, amongst lowland rice varieties, A is
correlated with SD when plants are grown in flooded soils
(Tsunoda and Fukoshima, 1986). In fact, the SD and gs of 3
high-yielding rice cultivars (IR72, Takanari and LYPJ) are
significantly higher than the corresponding average values
from 69 lower-yielding accessions (Ohsumi et al., 2007).

Linking SD With Stomatal Size and
Physiology to Improve WUE
Genetic manipulation of SD leads to a fixed change in the
number of stomata that form per unit area in the epidermis.
The stomata of Arabidopsis SD mutants (of multiple genotypic
backgrounds) retain the capacity to open and close and changes
in SD are often accompanied by inverse changes to stomatal size;
i.e., reductions in SD are linked to increases in stomatal size and
vice versa (Doheny-Adams et al., 2012). However, this size-
density response is not consistently seen in grasses. For both
barley and the IR64 rice cultivar (subspecies indica) the opposite
response is observed, whereby reductions in SD result in co-
reductions in stomata size (Hughes et al., 2017; Caine et al.,
2019). In the Nipponbare rice cultivar (subspecies japonica),
reduced SD leads to increased stomatal size and increased SD
leads to reduced size; responses similar to those previously
observed in Arabidopsis (Mohammed et al., 2019). Thus,
within different subspecies of rice, the stomatal size responses
to genetic manipulation of SD are different. Why this occurs is
unclear, although there is evidence in grasses that smaller
stomata can improve WUE by opening and closing quicker in
response to environmental fluctuations (McAusland et al., 2016;
Lawson and Vialet-Chabrand, 2019). For both subspecies, it
would be interesting to assess how the stomata of low-SD
OsEPF1oe plants perform under fluctuating conditions to
ascertain the impact that size and density alterations have on
the “speed” of stomatal movements and WUE.

By targeting the mechanisms that govern guard cell ion
transportation across the plasma membrane and tonoplast, it is
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possible to effectively alter stomatal opening and closing in
response to both abiotic and biotic stress (Huang et al., 2009;
Daszkowska-Golec and Szarejko, 2013; Li et al., 2017; Lawson
and Vialet-Chabrand, 2019) and to enhance plant biomass
accumulation (Papanatsiou et al., 2019). Because the SCs of
grasses are thought to both enable a swifter transport of ions
and osmolytes to GCs and to lend a mechanical advantage to
their stomatal movements, grass stomatal complexes are viewed
as being more responsive than other stomatal morphologies
(Franks and Farquhar, 2006; Cai et al., 2017; Nunes et al.,
2019). Indeed, the stomata of bdmute plants (which are devoid
of SCs) respond more slowly to changes in light intensity (Raissig
et al., 2017). However, to date no genetic manipulations that
enhance the speed of grass stomata have been reported, and it is
therefore not possible to compare the potential water savings that
could be achieved by low-SD rice with those of rice manipulated
to have enhanced stomatal closure. To address this unknown,
future efforts to manipulate rice stomata should aim to target
short-term stomatal responses, perhaps individually and in
combination with SD, so that a more complete picture of the
control of WUE in grass plants can be developed.
CONCLUSION

Rice is the world’s most important human food crop and yields
must be protected against future climate instabilities. As the
“gatekeepers” of transpiration and carbon uptake, stomata
represent an obvious target to improve A or water retention in
rice (Lawson and Blatt, 2014). Although more detailed
examinations of rice stomatal development will be required to
match our understanding of stomatal development in
Arabidopsis, the advances to our understanding of grass
stomatal development discussed here have enabled high- and
low-SD rice plants to be developed (Schuler et al., 2018; Caine
et al., 2019; Mohammed et al., 2019). Contrary to expectation,
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rice plants with increased SD do not exhibit corresponding
increases in A (Schuler et al., 2018; Mohammed et al., 2019),
although this could be due to altered stomatal size and or
aperture size. Thus, rice plants with more substantial increases
in SD will be required to test the efficacy (or lack thereof) of
targeting stomatal development for the enhancement of either A
or evaporative cooling. On the other hand, given that freshwater
insecurities and exposure to drought will likely become
increasingly prevalent in areas of rice cultivation (Kang et al.,
2009; Quentin Grafton, 2017), rice crops that use water more
efficiently might be of greater importance in the future climate.
This will be especially important in Africa where, as a result of
water limitations, rainfed upland rice production is steadily
increasing, despite this method being particularly susceptible to
drought (Saito et al., 2018). Promisingly, OsEPF1oe lines with
decreased SD exhibit improved water conservation and tolerance
to drought without yield penalties (Caine et al., 2019). While this
development is encouraging, these findings have not yet been
reproduced in the field, and so it remains to be seen whether real-
world fluctuations in environmental variables will influence the
performance of these plants that have thus far only been tested
under laboratory conditions.
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Lanzhou, China

Stomata, the small pores on the epidermis of plant shoot, control gas exchange between
the plant and environment and play key roles in plant physiology, evolution, and global
ecology. Stomatal development is initiated by the basic helix-loop-helix (bHLH)
transcription factor SPEECHLESS (SPCH), whose central importance in stomatal
development has recently come to light. SPCH integrates intralineage signals and
serves as an acceptor of hormonal and environmental signals to regulate stomatal
density and patterning during the development. SPCH also plays a direct role in
regulating asymmetric cell division in the stomatal lineage. Owing to its importance in
stomatal development, SPCH expression is tightly and spatiotemporally regulated. The
purpose of this review is to provide an overview of the SPCH-mediated regulation of
stomatal development, reinforcing the idea that SPCH is the central molecular hub for
stomatal development.

Keywords: SPCH, stomatal development, stomatal lineage, stomatal patterning, stomatal differentiatation
INTRODUCTION

In Arabidopsis, stomata formation depends on a series of cell divisions and consecutive cell fate
transitions, producing five major cell types of the stomatal lineage, including meristemoid mother
cells (MMCs), meristemoids, stomatal lineage ground cells (SLGCs), guard mother cells (GMCs),
and guard cells (GCs) (Nadeau and Sack, 2002b; Bergmann and Sack, 2007; Lau and Bergmann,
2012; Pillitteri and Torii, 2012; Pillitteri and Dong, 2013). A subset of protodermal cells in the
epidermis acquire the fate of MMCs and initiate the stomatal lineage by undergoing asymmetric
entry divisions to produce the small triangular meristemoids and larger sister cells called SLGCs
(Figure 1). Meristemoids carry out a limited number of asymmetric amplifying divisions to
increase the number of SLGCs, while also performing the process of self-renewal (Figure 1).
Finally, meristemoids lose their ability of reiterative asymmetric division and differentiate into
GMCs. Each GMC symmetrically divides to yield a pair of highly specialized GCs (Figure 1)
(Nadeau and Sack, 2002b; Bergmann and Sack, 2007; Lau and Bergmann, 2012; Pillitteri and Torii,
2012; Pillitteri and Dong, 2013). SLGCs can also acquire the MMC fate and undergo asymmetric
division to produce satellite meristemoids that are oriented away from preexisting stomata or
.org February 2020 | Volume 11 | Article 114130
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precursors. This asymmetric division, which prevents the direct
contact between two stomata, is termed “oriented asymmetric
spacing divisions”. Alternatively, SLGCs can terminally
differentiate into pavement cells (Figure 1) (Geisler et al.,
2000; Bergmann and Sack, 2007).
SPEECHLESS (SPCH) INITIATES THE
STOMATAL LINEAGE

A null stoma mutant named spch-1 was identified in a sensitized
genetic screen (MacAlister et al., 2007). SPCH encodes a bHLH
transcription factor and has two closely related paralogues,
MUTE and FAMA. SPCH is broadly transcribed in epidermal
cells, but the SPCH protein is restricted to MMCs and
meristemoids, suggesting that SPCH is strictly regulated at the
posttranslational level (MacAlister et al., 2007). Closer
observation showed that epidermal cells in spch-1 did not
undergo asymmetric entry division. In contrast, overexpression
of SPCH induced ectopic entry division in the epidermis. These
results suggest that SPCH is crucial for stomatal lineage initiation
(Figure 2) (MacAlister et al., 2007; Pillitteri et al., 2007). The
stomatal formation is also completely eliminated when both the
two homologous bHLH-leucine zipper (bHLH-LZ) transcription
factors, INDUCER OF CBF EXPRESSION1 (ICE1) and
SCREAM2 (SCRM2), are knocked out (Kanaoka et al., 2008).
Further research revealed that SPCH, MUTE, and FAMA
heterodimerize with SCRMs (ICE1 and SCRM2) to trigger the
successive MMC-meristemoid-GMC-GC fate transition
(Figure 2) (Kanaoka et al., 2008). The direct targets of SPCH
include SPCH itself and ICE1/SCRM2. SPCH and ICE1/SCRM2
can bind to their own promoters and enhance self-expression,
thereby constituting a positive feedback loop that maintains the
MMC and meristemoid fate (Lau et al., 2014; Horst et al., 2015)
(Figure 2). In the grass Brachypodium distachyon and Oryza
sativa, disabling either SPCH or ICE1 eliminated stomata,
suggesting that the SPCH/ICE1 heterodimer also functions as a
switch for the stomatal initiation in monocots (Raissig et al.,
2016; Wu et al., 2019).
Frontiers in Plant Science | www.frontiersin.org 231
SPCH INTEGRATES INTRALINEAGE
SIGNALS FOR PROPER STOMATAL
DENSITY AND PATTERNING

SPCH activity is inhibited by its phosphorylation and consequent
degradation (Lampard et al., 2008). Interestingly, although the
phosphorylation of SPCH is known to be mediated by mitogen-
activated protein kinase 3/6 (MPK3/6), a direct interaction between
MPK3/6 and SPCH has not been detected to date. A recent study
has found that ICE1/SCRM2 acts as a scaffolding partner for their
interaction (Lampard et al., 2008; Putarjunan et al., 2019). The
direct association of MPK3/6 and ICE1/SCRM2 is also required for
the phosphorylation and consequent degradation of ICE1/SCRM2,
and this process is crucial for the proper specification of the
stomatal cell fate (Putarjunan et al., 2019). Accordingly, a direct
link between the SPCH•SCRM module and a MAPK cascade
consisting of YODA (YDA), four MAPKKs (MKK4/5/7/9), and
two MAPKs (MPK3/6) is established during the stomatal
development (Bergmann et al., 2004; Wang et al., 2007; Lampard
et al., 2009; Putarjunan et al., 2019). Upstream of the YDA-MKK4/
5/7/9-MPK3/6 cascade lies a multiprotein receptor complex
composed of the leucine-rich repeat receptor-like protein TOO
MANYMOUTHS (TMM), the ERECTA family (ERf) leucine-rich
repeat receptor-like kinases [ERECTA (ER), ERECTA-LIKE1
(ERL1), and ERECTA-LIKE2 (ERL2)], and SOMATIC
EMBRYOGENESIS RECEPTOR KINASEs (SERKs) (Yang and
Sack, 1995; Nadeau and Sack, 2002a; Shpak et al., 2005; Lee et al.,
2012; Lee et al., 2015; Meng et al., 2015). These receptors can
recognize several specifically expressed ligands that belong to the
EPIDERMAL PATTERNING FACTOR-LIKE (EPFL) family of
secreted cysteine-rich peptides to either repress or promote
stomatal development in specific regions (Figure 2) (Hara et al.,
2007; Hara et al., 2009; Hunt and Gray, 2009; Abrash and
Bergmann, 2010; Hunt et al., 2010; Kondo et al., 2010; Sugano
et al., 2010; Abrash et al., 2011; Lee et al., 2012; Niwa et al., 2013; Lee
et al., 2015; Meng et al., 2015). EPF1, the first such peptide to be
identified, is mainly dependent on ERL1 to ensure the correct
spacing and meristemoid differentiation (Figure 2) (Hara et al.,
2007; Lee et al., 2012). EPF2 is detected primarily by ER, which
FIGURE 1 | Diagram depicting cell fate transitions during the stomatal development in Arabidopsis. A subset of protodermal cells (faint red) acquire the fate of an
MMC (brick red) and undergo asymmetric entry division, producing a meristemoid (red) and SLGC (white). Meristemoids undergo asymmetric amplifying divisions to
increase the number of SLGCs while also self-renewing. Eventually, meristemoids differentiate into GMCs (yellow). Each GMC symmetrically divides to yield a pair of
highly specialized GCs (green). SLGCs can also initiate stomatal development through oriented asymmetric spacing divisions.
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subsequently represses stomatal lineage initiation through the
activation of the downstream MAPK cascade (Hara et al., 2009;
Hunt and Gray, 2009; Lee et al., 2012; Lee et al., 2015). In contrast to
EPF1 and EPF2, STOMAGEN/EPFL9 is a positive peptide that
competes with EPF2 for ER association without triggering the
downstream MAPK response (Hunt et al., 2010; Kondo et al.,
2010; Sugano et al., 2010; Lee et al., 2015; Lin et al., 2017). In this
way, STOMAGEN prevents the inhibitory activity of EPF2 (Lee
et al., 2015) (Figure 2). In the stems, CHALLAH family peptides
activate ERf receptors and inhibit stomatal development (Abrash
and Bergmann, 2010; Abrash et al., 2011; Niwa et al., 2013). This
ligand/receptor-mediated stomatal signaling pathway has also been
reconstructed in mature Nicotiana benthamiana leaf cells (Jewaria
et al., 2013). Epigenetic modifications on EPF2 and ERf genes have
been found to regulate stomatal development. The expression of
EPF2 is regulated by RNA-directed DNA methylation (RdDM),
and the expression of ERf genes is regulated by histonemodification
and DNA methylation (Yamamuro et al., 2014; Wang et al., 2016).
In addition, the subtilisin STOMATAL DENSITY AND
DISTRIBUTION (SDD1), which is predicted to process peptide
precursors that remain elusive, also acts upstream of TMM and
YODA to repress stomatal formation (Berger and Altmann, 2000;
von Groll, 2002; Lampard et al., 2008). The above intralineage
Frontiers in Plant Science | www.frontiersin.org 332
signals are integrated by SPCH to regulate stomatal initiation and
patterning. Moreover, EPF2, TMM, and ERf receptors are the direct
targets of SPCH (Lau et al., 2014). SPCH and SCRMs directly
activate the EPF2-TMM signaling, which in turn suppresses the
SPCH•SCRM module, thus constituting a negative feedback loop
that inhibits stomatal initiation and ensures the one-cell-spacing
patterning (Lau et al., 2014; Horst et al., 2015) (Figure 2).
SPCH SERVES AS AN ACCEPTOR OF
HORMONAL AND ENVIRONMENTAL
SIGNALS TO REGULATE STOMATAL
DENSITY AND PATTERNING

SPCH directly integrates hormonal and environmental signals for
stomatal formation. SPCH can be directly phosphorylated by the
brassinosteroid (BR) signaling intermediate the glycogen synthase
kinase 3 (GSK3)-like kinase BRINSENSITIVE 2 (BIN2), which is
itself a direct target of SPCH, and this phosphorylation promotes
the degradation of SPCH. Thus, BR promotes stomatal formation
in hypocotyls though suppression of BIN2 mediated SPCH
phosphorylation and degradation (Gudesblat et al., 2012; Yang
FIGURE 2 | SPCH is the molecular key that opens stomatal development and acts as a central molecular hub while specifying stomatal cell fate. SPCH determines
the entry into the stomatal lineage and integrates diverse developmental and environmental signals mediated by the YDA-MKK4/5/7/9-MPK3/6 cascade, BIN2,
CDKA;1, B-GATAs, and PIF4. SPCH also directly regulates asymmetric cell division in the stomatal lineage through activating the transcription of the key polarity
proteins BASL and POLAR. SPCH expression is tightly and spatiotemporally regulated by HD-ZIP IV proteins, cell-to-cell connectivity, microRNA pathway, IDD16,
and RBR. SPCH enhances its own activity by activating itself and SCRMs, thereby maintaining the MMC and meristemoid fate, and suppresses itself by activating
the EPF2-TMM signaling to ensure proper stomatal density and patterning.
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et al., 2015). SPCH can also be directly phosphorylated by Cyclin-
Dependent Kinases A;1 (CDKA;1). Unlike the negative regulation
of SPCH by MAPK- and BIN2-mediated phosphorylation,
CDKA;1 mediated phosphorylation of SPCH at Serine 186
promotes stomatal initiation, revealing that SPCH activity and
stability are fine-tuned via phosphorylation by multiple kinases in
response to various signals (Yang et al., 2015) (Figure 2). Increased
cytokinin (CK) levels or signaling promotes SPCH expression, and
SPCH directly induces the expression of the type-A ARABIDOPSIS
RESPONSE REGULATOR16 (ARR16) and CLAVATA3/
EMBRYO SURROUNDING REGION RELATED 9/10 (CLE9/
10) (Lau et al., 2014; Vaten et al., 2018). ARR16 negatively
regulates CK response and CLE9/10 represses type-A ARRs. The
SPCH-dependent activities of the repressive type-A ARR16/17 and
the secreted peptides CLE9/10 are essential for establishing local
domains of low CK signaling, which inhibits both SLGC division
and stomatal formation (Vaten et al., 2018). ARR16/17 and CLE9/
10 counteract the proliferative effect of SPCH to customize the
epidermal cell-type composition (Vaten et al., 2018). CLE9/10
peptides are also recognized by the receptor kinase HAESA-LIKE
1 (HSL1) to regulate the stomatal lineage cell division; however, the
underlying mechanism is unknown (Qian et al., 2018). The heat-
stress signaling induces the accumulation of PHYTOCHROME-
INTERACTING FACTOR 4 (PIF4) in stomatal precursors. PIF4
can directly bind to SPCH and repress its expression, while the
SPCH protein, in turn, inhibits the expression of PIF4, thus
producing a negative feedback loop to control stomatal
development in fluctuating temperatures (Lau et al., 2018). Red
light can induce the expression of both SPCH and GATA factors of
the B-subfamily (B-GATA) transcription factors. B-GATAs directly
bind to the SPCH promoter and are required for the red-light-
dependent induction of SPCH expression (Klermund et al., 2016).

SPCH also serves as a final acceptor of hormonal and
environmental signals accepted by its upstream signaling factors.
BR has also been shown to inhibit stomatal formation in the leaf
epidermis through the inactivation of BIN2. In this scenario, BIN2
has been found to repress YDA and MKK4/5 activation, promoting
SPCH stabilization (Kim et al., 2012; Khan et al., 2013) (Figure 2).
Another phytohormone, auxin, negatively regulates stomatal
formation partially by activating auxin response factor 5 (ARF5)
and inhibiting AUXIN RESISTANT3 (AXR3). ARF5 suppresses
stomatal formation by directly repressing STOMAGEN expression
in the mesophyll, while AXR3 promotes stomatal production by
functioning upstream of the YDA MAPK cascade in dark-grown
seedlings (Balcerowicz et al., 2014; Le et al., 2014; Zhang et al., 2014)
(Figure 2). Light signals are perceived bymultiple photoreceptors to
promote stomatal formation by inhibiting the RING E3 ubiquitin
ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) (Lau
and Deng, 2012). COP1 acts genetically upstream of YDA to repress
the stomatal development and can also stimulate the degradation of
SCRM proteins through ubiquitin/proteasome pathways in the dark
(Kang et al., 2009; Lee et al., 2017) (Figure 2). In addition, increased
light irradiation increases stomatal density by inducing the
expression of STOMAGEN (Hronkova et al., 2015) (Figure 2).
Elevated atmospheric carbon dioxide (CO2) levels induce the
expression of CO2 RESPONSIVE SECRETED PROTEASE
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(CRSP), and the encoded protein can cleave the pro-peptide EPF2
(Figure 2). Thus, high concentrations of CO2may repress stomatal
formation primarily by the EPF2-mediated negative regulation
pathway (Engineer et al., 2014). Osmotic stress decreases stomatal
number by downregulating SPCH protein level. This process is
mediated by the MAPK-SPCH core developmental pathway
(Kumari et al., 2014) (Figure 2). Stomata also serve as bacterial
entry gates (Melotto et al., 2006;Melotto et al., 2017). The pathogen
Pseudomonas syringae invades hosts through stomatal pores and
releases the effectorHopA1 (Melotto et al., 2006; Zhang et al., 2007).
Overexpression ofHopA1 in plant specifically inactivatesMPK3/6,
leading to stomatal clustering (Kim et al., 2012) (Figure 2). In
addition, the inducible overexpression of AvrPto andAvrPtoB, two
effector proteins of P. syringae pv. tomato (Pst), also generates
clustered stomata in Arabidopsis (Meng et al., 2015). AvrPto and
AvrPtoB may promote stomatal formation through impairing the
function of their target SERKs, which act as coreceptors along with
the ER-TMM complex (Figure 2).
SPCH REGULATES ASYMMETRIC CELL
DIVISION IN THE STOMATAL LINEAGE

SPCH induces the expression of BREAKING OF ASYMMETRY IN
THE STOMATAL LINEAGE (BASL) and POLAR in the stomatal
lineage. Both BASL and POLAR proteins exhibit a polarized
peripheral localization during the stomatal lineage asymmetric
cell division (ACD). Phosphorylation of BASL by MPK3/6
enhances its interaction with YDA, leading to the recruitment of
YDA to the cell cortex (Dong et al., 2009; Zhang et al., 2015; Zhang
et al., 2016). Thus, BASL serves as a scaffold protein that spatially
concentrates MAPK signaling in the cortex and segregates MAPK
signaling into SLGCs after ACD (Zhang et al., 2015). The enhanced
YDA-MPK3/6 signaling in SLGCs promotes the phosphorylation
and degradation of SPCH, leading to the differentiation of SLGCs
into pavement cells. However, the low level of YDA-MPK3/6
signaling in meristemoids results in stable SPCH expression,
triggering the subsequent developmental processes (Zhang et al.,
2015). POLAR polarization requires BASL activity (Pillitteri et al.,
2011), and POLAR appears to function together with BASL to
regulate the stomatal lineage ACD by confining BIN2 to the cell
cortex (Houbaert et al., 2018). This regulation can relieve the
inhibition of SPCH by BIN2, thus freeing SPCH to drive ACD
(Houbaert et al., 2018).
SPCH EXPRESSION IS TIGHTLY AND
SPATIOTEMPORALLY REGULATED

The HOMEODOMAIN LEUCINE ZIPPER CLASS IV (HD-ZIP
IV) family genes MERISTEM LAYER 1 (ML1) and
HOMEODOMAIN GLABROUS2 (HDG2) function in
establishing and maintaining epidermal identity. Their ectopic
expression induces the formation of ectopic epidermal layers
with SPCH expression and stomatal formation in internal leaf
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tissues, suggesting that the acquisition of epidermal layer identity
is required for SPCH expression and stomatal lineage fate
(Peterson et al., 2013; Takada et al., 2013).

Plasmodesmatal permeability and cellular integrity in the
epidermis confine SPCH to stomatal lineage cells during stomatal
development (Figure 2). Mutating the callose synthase GLUCAN
SYNTHASE-LIKE 8 (GSL8/CHORUS) or the glycosyltransferase-
like protein KOBITO1 disrupts cellular integrity or increases
plasmodesmata permeability. These defects allow intercellular
movement of SPCH protein in the leaf epidermis, resulting in
clustered stomata formation and disorganized cell divisions in the
stomatal lineage (Guseman et al., 2010; Kong et al., 2012).

A microRNA pathway is presumed to repress stomatal lineage
initiation through regulating SPCH transcripts (Figure 2) (Kutter
et al., 2007; Yang et al., 2014). In addition, IDD16, a C2H2 zinc
finger transcription factor from the INDETERMINATE
DOMAIN (IDD) family, and RETINOBLASTOMA RELATED
(RBR), which is targeted by CDKA;1, have been shown to inhibit
stomatal initiation by directly binding to SPCH and repressing
SPCH transcription (Figure 2) (Weimer et al., 2012; Qi et al.,
2019). The specific downregulation of RBR in GMCs and GCs
leads to excess divisions in differentiated GCs and formation of the
“Stoma-in-Stoma” (SIS) phenotype (Lee et al., 2014b; Matos et al.,
2014). Histone3 K27 trimethylation (H3K27me3) is involved in
maintaining the GC identity (Lee et al., 2019), and its reduced
deposition on the SPCH andMUTE loci is responsible for the SIS
phenotype (Lee et al., 2014b; Matos et al., 2014). Consistent with
this, constitutive expression of CURLY LEAF (CLF), a member of
Polycomb Repressive Complex 2 (PRC2) that functions in
H2K27me3 and other chromatin modifications, suppresses the
SIS phenotype (Lee et al., 2014b). RBR has been shown to interact
with PRC2, FAMA, and FLP/MYB88, which redundantly
functions with FAMA to inhibit GMC division (Desvoyes et al.,
2010; Magyar et al., 2012; Lee et al., 2014a). Both RBR and FAMA
target the promoters of SPCH, EPF1, and FAMA (Matos et al.,
2014). Thus, a model in which RBR and the PRC2 components are
recruited by FAMA to the promoters of SPCH and other stomatal
lineage genes has been presented. This complex represses the re-
expression of those genes and the reinitiation of stomatal lineage
through chromatin modification (Matos et al., 2014).
CONCLUSION AND PERSPECTIVE

In summary, SPCH acts as a central molecular hub that
integrates both developmental and environmental signals
while specifying stomatal cell fate. However, many questions
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remain to be addressed. Firstly, more external and internal cues
that are integrated into the SPCH node need to be identified to
further understand how stomatal development adjusts to a
fluctuating environment. Secondly, although SPCH mostly
functions upstream of the stomatal lineage, little is known
about how SPCH transcription is initiated and regulated. In
addition, although the direct target genes of SPCH have been
known for years, most of their functions remain elusive. Lastly,
RNA polymerase II (Pol II) is essential for stomatal patterning
and differentiation (Chen et al., 2016), and it is unknown how
SPCH recruits Pol II for specific gene expression. SPCH is the
core regulator of stomatal density. Genetic manipulation of
stomatal density to improve plant productivity and water
consumption efficiency has been proven to be feasible in
barley and rice (Hughes et al., 2017; Caine et al., 2019).
Future studies focusing on the above questions will provide
invaluable potential targets for genetic improvement of
agriculturally relevant species to promote sustainable
agricultural development.
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The temporal formation and spatial distribution of stomata on the surface of citrus floral
organs and, specifically, on the ovule from which the fruit develops, were analyzed using
citrus plants that express green fluorescent protein (GFP) under the guard cell-specific
KST1 promoter. Stomata are found on the style, sepal, and anther of the closed flower
and on ovules from the stage of anthesis. It has previously been shown that hexokinase
(HXK) mediates sugar-sensing in leaf guard cells and stimulates stomatal closure. The
activity and response of citrus fruit stomata to sugar-sensing by HXK was examined
using plants that express HXK under the KST1 promoter. Those plants are referred to
as GCHXK plants. The transpiration of young green GCHXK citrus fruits was significantly
reduced, indicating that their stomata respond to sugar similar to leaf stomata. Toward
fruit maturation, fruit stomata are plugged and stop functioning, which explains why
WT and GCHXK mature yellow fruits exhibited similar water loss. Seeds of the GCHXK
plants were smaller and germinated more slowly than the WT seeds. We suggest that
the stomata of young green citrus fruits, but not mature yellow fruits, respond to sugar
levels via HXK and that fruit stomata are important for proper seed development.

Keywords: sugar-sensing, hexokinase, fruit stomata, fruit transpiration, floral organs

INTRODUCTION

Stomata are the gates that allow the exchange of gases between the atmosphere and the inner
tissues of the plant. During the process of gas exchange, the plant transpires water vapor into the
surrounding atmosphere and CO2 for photosynthesis enters the plant. The spatial and temporal
distribution of stomata on leaves has been studied extensively over the past decades (Geisler and
Sack, 2002; Nadeau and Sack, 2002; Kelly et al., 2017). In Arabidopsis, stomata appear on the
cotyledons immediately after germination and, soon after, on the edges of true leaves, and the
densities of the stomata on those plant parts increase in the following days (Kelly et al., 2017).
Stomata are also found on the hypocotyl and stem and have been observed on Arabidopsis and
Lilium hyb. enchantment anthers and the fruit skins of apple (Malus domestica), banana (Musa
acuminata), passionfruit (Passiflora edulis), pitaya (Hylocereus megalanthus), and citrus (Citrus
unshiu) (Johnson and Brun, 1966; Blanke and Lenz, 1989; Clement et al., 1997; Wilson et al., 2011;
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Sánchez et al., 2013; Hiratsuka et al., 2015; Wei et al., 2018).
Yet, the presence and temporal development of stomata on other
flower parts, such as the petal, style, and ovule, have been the
subject of very little study (Huang et al., 2018).

In most plants, leaf stomata open in response to light, to
allow the entry of atmospheric CO2 for photosynthesis, and
this happens at the expense of extensive water loss via the
open stomata. At night, the stomata close to prevent water
loss. It has been shown that leaf stomata close in response to
increasing sugar levels and that, within guard cells, this process
is mediated by HXK (Kelly et al., 2013; Lugassi et al., 2015;
Kottapalli et al., 2018). HXK is the only enzyme in plants that
can phosphorylate glucose and may also phosphorylate fructose
(Granot, 2007, 2008). In addition to its catalytic phosphorylation
activity, HXK also functions as a sugar sensor independent of
its phosphorylation activity (Moore et al., 2003). It is assumed
that HXK senses the level of glucose and fructose and generates a
signal that activates the ABA pathway that closes stomata (Kelly
et al., 2013). Stomatal closure by sugars and HXK is a conserved
trait that allows for coordination between photosynthesis and
transpiration (Kelly et al., 2013; Lugassi et al., 2015; Kottapalli
et al., 2018; Granot and Kelly, 2019). It has been shown in
some fruits, such as purple passionfruit, yellow pitaya, banana,
and apple, that fruit stomata respond in a similar way to leaf
stomata, opening in response to light, high temperatures, and
high humidity (Johnson and Brun, 1966; Blanke and Lenz, 1989;
Sánchez et al., 2013). Yet, whether fruit stomata also respond
to sugar is not known. We used citrus plants expressing either
GFP or HXK under the guard cell-specific promoter KST1 to
follow the development of stomata on the various organs of citrus
flowers and to examine the response of the stomata of citrus
fruits to sugar.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Experiments were conducted on Troyer citrange (Citrus sinensis
“Washington” sweet orange × Poncirus trifoliata). T. citrange
explants were transformed with KSTpro:GFP and KSTpro:HXK1
constructs that express GFP or HXK1 under the KST1 promoter,
respectively, as described previously by Lugassi et al. (2015).
Plants transformed with KSTpro:GFP or KSTpro:HXK1 are
referred to as GCGFP and GCHXK (standing for guard-cell GFP
and guard-cell HXK, respectively). Plants were grown in 10-
L pots that contained (w/w) 30% vermiculite, 30% peat, 20%
tuff, and 20% perlite (Even Ari, Israel). WT (untransformed),
GCGFP, and GCHXK plants were vegetatively propagated by the
grafting of shoots onto T. citrange rootstocks. Two independent
lines of GCHXK plants, GCHXK1 and GCHXK5, were used
in some of the experiments, based on the availability of the
necessary plant material. WT, GCHXK1, and GCHXK5 plants
were of the same age, were grafted at the same time, and were
trimmed periodically to be similar in size. The grafted plants
were grown in a temperature-controlled greenhouse (25–30◦C
in the summer and 15–25◦C in the winter) under natural
light conditions.

Confocal Microscopy Imaging
Images were acquired using the Olympus IX 81 inverted
laser scanning confocal microscope (Fluoview 500; Olympus
Corporation, Tokyo, Japan) equipped with a 488-nm argon
ion laser and a 60 × 1.0 numerical aperture PlanApo water
immersion objective (Olympus). Green fluorescent protein
was excited by 488-nm light and the emission was collected
using a BA 505–525 filter. A BA 660 IF emission filter
was used to observe chlorophyll autofluorescence. Confocal
optical sections were obtained in 0.5- to l-µm increments.
The images were color-coded green for GFP and magenta for
chlorophyll autofluorescence.

The image presented in Figure 7 was made using a Leica SP8
laser-scanning microscope (Leica, Wetzlar, Germany) equipped
with a solid-state laser with 488 nm light, HC PL APO CS 63×/1.2
water immersion objective (Leica, Wetzlar, Germany) and Leica

FIGURE 1 | Distribution of stomata on the organs of a closed citrus flower.
The confocal images A–C and E are merged images of white light, chlorophyll
autofluorescence (stained magenta), and GFP fluorescence (stained green).
Flowers were harvested from GCGFP plants. (A) Confocal image of an anther
removed from a closed flower. (B) Enlargement of the square in part A.
(C) Confocal image of a sepal removed from a closed flower, as indicated in
part D. (D) Dissection of a closed flower revealing the floral organs.
(E) Confocal image of a style removed from a closed flower. Analyses were
performed on five biological replicates.
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Application Suite X software (LASX, Leica, Wetzlar, Germany).
Images of GFP signal were acquired using the 488-nm laser line
and emission was detected with a HyD (hybrid) detector in a
range of 500–525 nm. For reflection microscopy, a 488-nm laser
was used and light reflected into a band between 480 and 495 nm.

Distribution of Stomata on Various Parts
of Citrus Fruits and Flowers
To evaluate the temporal formation and spatial distribution of
stomata on various parts of citrus flowers, we collected five closed
flowers and five open flowers and analyzed the distribution of
stomata on the various floral organs. The same analyses were
repeated in two sequential flowering seasons, with the same
number of flowers examined each season.

Analyses of the stomata on fruit surfaces were conducted
twice, with similar results. In the first analysis, a comparison
was made between at least five stomata from each of three
ripe fruits and three green fruits. In the second analysis, which
was conducted the following season (the results of which are
presented in Figure 7), the comparison was made between at least
five stomata taken from each green or ripe parts of three breaker
fruits (total of 10 stomata per fruit).

Measurement of the Transpiration of
Green Fruits
Fruit transpiration rates were measured on intact 4-cm-diam.
green fruits from plants grown in a greenhouse using the LI-1600
steady-state porometer (LI-COR, Lincoln, NE, United States).
Measurements were conducted between 9:00 a.m. and 10:00 a.m.
on all of the available fruits: eight WT fruits and 12 GCHXK1

FIGURE 2 | Temporal and spatial distribution of the stomata on a citrus ovary.
The confocal images C, E, and F are merged images of white light, chlorophyll
autofluorescence (stained magenta), and GFP fluorescence (stained green).
Samples were taken from GCGFP plants. The images in the lower row were
taken from flowers 3 days older than the images shown in the upper row.
(A) A closed GCGFP flower. (B) Binocular image of a dissected closed flower,
revealing the ovary. (C) Confocal image of an ovary from a closed flower.
(D) An open GCGFP flower. (E) Confocal image of the proximal part of an
ovary from an open flower. (F) Confocal image of the distal part of an ovary
from an open flower. Analyses were performed on five biological replicates.

fruits. The ambient light intensity was 550 µmol m−2 s−1, the
temperature was 23◦C, and the relative humidity was 55%.

Water Loss of Ripe Yellow Fruits
Six ripe yellow fruits of similar weight from GCHXK and WT
plants (average weights of 83.8 g for the WT and 82.7 g for
GCHXK1) were incubated soon after harvest for 5 days under
long-day conditions (16 h light/8 h dark photoperiod) at 25◦C
and 50% relative humidity. Weight loss during the incubation
time was measured and is presented as a percentage from the
initial weight (Figure 6).

Stomatal Measurements
Stomatal aperture and density were determined using the rapid
imprinting technique described by Geisler and Sack (2002).
The rapid imprinting technique with fast-drying dental resin
allowed us to score a large number of stomata from independent
biological samples from each experiment. In brief, light-bodied
vinyl polysiloxane dental resin (Zhermack, Badia Polesine, Italy)
was attached to the fruit surface and then removed as soon
as it had dried (1 min). The resin epidermal imprints were

FIGURE 3 | Distribution of stomata on the organs of an open citrus flower.
The confocal images B, C, and D are merged images of white light,
chlorophyll autofluorescence (stained magenta), and GFP fluorescence
(stained green). Flowers were harvested from GCGFP plants. (A) An open
GCGFP flower. (B) Confocal image of a style removed from an open flower, as
indicated in panel A. (C) Confocal image of a sepal removed from an open
flower, as indicated in panel A. (D) Confocal image of a petal removed from an
open flower, as indicated in panel A. Analyses were performed on five
biological replicates.
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FIGURE 4 | Sugar stimulates the closure of citrus fruit stomata. The stomatal
response to sucrose in WT fruit rind was assayed with rind discs (taken from
six fruits) that were immersed for 2.5 h in artificial xylem sap (Wilkinson and
Davies, 1997), artificial xylem sap containing 200 mM sorbitol (as an osmotic
control), 100 mM sucrose (Suc), and 200 mM Suc. Epidermal imprints were
then taken and the apertures of 60 stomata from each treatment were
measured. Data are displayed as means ± SE. Asterisks denote significant
differences relative to the WT (t-test, P < 0.01).

covered with nail polish, which was removed once it had
dried and served as a mirror image of the resin imprint.
The nail-polish imprints transferred to microscope slides and
photographed under a bright-field inverted microscope (1M7100;
Zeiss, Welwyn Garden City, Hertfordshire, United Kingdom)
on which a Hitachi HV-D30 CCD camera (Hitachi, Tokyo,
Japan) was mounted. Stomatal images were later analyzed
using the IMAGEJ software (Bethesda, MD, United States) fit-
ellipse tool to determine aperture size or stomatal density.

A microscopic ruler (Olympus, Tokyo, Japan) was used for the
size calibration.

The stomatal response to sucrose in WT fruit rind was assayed
with rind disks taken from six different green, 4-cm-diam. fruits
(one disc from each fruit in each treatment). Rind disks were
each 1 cm in diameter and approximately 2 mm thick. The
samples were immersed for 2.5 h in either artificial xylem sap
(Wilkinson and Davies, 1997) or artificial xylem sap containing
200 mM sorbitol (as an osmotic control), 100 mM sucrose
(Suc), and 200 mM Suc. Ambient light intensity was around
500 µmol m−2 s−1. Epidermal imprints were then taken and
stomatal aperture was measured. From each of the six imprints
of each treatment, 10 randomly selected stomata were analyzed.
Stomatal density was measured using 4-cm-diam., green fruits,
with six biological repeats for the WT and seven biological repeats
for each GCHXK line. More than 330 stomata were counted for
each line in fields of 0.1 mm2.

Seed Germination
The germination rate of GCHXK seeds was examined by sowing
68 seeds of the WT and GCHXK1 plants, and 40 seeds of
the GCHXK5 plants. Seeds were collected from fully mature
fruits. The seeds were divided into 17 groups of four seeds
each for the WT and GCHXK1 (total of 68 seeds for each
line) and 10 groups of 4 seeds each for the GCHXK5 line
(total of 40 seeds). The proportion of seeds that germinated was
calculated based on the average germination of the groups over a
period of 28 days.

Assays of Sugar Levels in Fruit Juice
Juice was collected from three samples of mature yellow fruits
of each line. For the WT and GCHXK1, the juice of each
sample was collected from two different fruits. For GCHXK5

FIGURE 5 | Expression of AtHXK1 in guard cells of citrus fruits reduced fruit transpiration with no change in stomatal density. (A) Stomatal densities on WT,
GCHXK1, and GCHXK5 fruits. For the WT, there were six biological repeats and for each GCHXK line, there were seven biological repeats. (B) Transpiration of green
WT and GCHXK1 fruits, as measured with the LI-1600 steady-state porometer (WT: n = 8; GCHXK1: n = 12). Data displayed as means ± SE. Asterisks denote
significant differences relative to the WT (t-test, P < 0.01).
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the juice of each sample was collected from one fruit. Samples
were centrifuged at 15,000 rotations/min for 15 min and then
filtered through a 0.22-µm nylon syringe. Sucrose, fructose,
and glucose contents were determined by HPLC. The HPLC
system consisted of a Shimadzu LC10AT solvent delivery
system and a Shimadzu RID10A refractive index detector.
Separation was carried out on an Alltech 700 CH Carbohydrate
Column (Alltech, Deer-Weld, IL, United States) maintained
at 90◦C with a flow rate of 0.5 ml/min, according to the
manufacturer’s recommendations.

Measurement of Total Soluble Solids
The total soluble solids (TSS) content of the juice of mature
yellow fruits was determined with a PAL-1 digital refractometer
(Atago, Tokyo, Japan). Each measurement included three
samples. For the WT and GCHXK1, the juice of each sample was
collected from two different fruits. For GCHXK5, the juice of each
sample was collected from one fruit.

RESULTS

Temporal Formation and Spatial
Distribution of Stomata on Various Parts
of Citrus Flowers
To monitor the appearance of stomata on citrus flowers and
fruits, we used transgenic T. citrange (C. sinensis “Washington”
sweet orange × P. trifoliata) containing the KSTpro:GFP that
drives guard-cell expression of GFP (Lugassi et al., 2015; Kelly
et al., 2017). The immediate and constitutive expression of
KSTpro:GFP in newly formed guard cells (Kelly et al., 2017)
allowed us to monitor the appearance of stomata easily and
accurately. We started at early stages of flower development,
when the flowers were still closed. At this stage, stomata were
found on anthers, styles, and sepals (Figure 1), but not on
stigmas, filaments, or ovules (which eventually develop into
fruits; Figures 2A–C). When the flower opens about 3 days later
(Figures 2D, 3A), stomata are seen on the proximal and distal
parts of the ovules (Figures 2E,F), but are more abundant on
the style and sepal (Figures 3B,C). No stomata were seen on
petals, filaments, or stigmas, even at later stages (Figure 3D). We
concluded that stomata appear on the styles, anthers, and sepals
of flowers that are still closed and on ovules at anthesis.

The Stomata of Young Citrus Fruits
Respond to Sucrose
To check the response of citrus fruits’ stomata to sugar, rind
discs from green WT fruits were treated with artificial xylem
sap solution (AXS, control), AXS supplemented with sorbitol
(osmotic control), or AXS supplemented with 100 or 200 mM
sucrose. Stomata that were treated with sucrose had significantly
smaller apertures than those treated with AXS or the osmotic
control (Figure 4). There was no significant difference between
the stomatal closure of discs treated with 100 mM and the
stomatal closure of discs treated with 200 mM sucrose. These
results imply that the stomata on the fruit surface are functional

and respond to known closing signals, similar to leaf stomata
(Kelly et al., 2013).

GCHXK Fruits Exhibited Lower
Transpiration Rates Than WT Fruits
It has previously been shown that sugar-sensing in guard cells
is mediated by HXK and that expression of HXK in guard cells
reduces leaf transpiration (Kelly et al., 2013; Lugassi et al., 2015).
To examine whether HXK reduces the transpiration of fruit, we
measured the stomatal density and transpiration of fruits from
a previously described GCHXK citrus line (Lugassi et al., 2015).
Stomatal density on 4-cm-diam., green GCHXK fruits was similar
to that of WT fruits (Figure 5A). Yet, fruit transpiration of 4-
cm-diam., green GCHXK fruits, measured using the LI-1600
steady-state porometer, was less than half of that observed for the
WT fruits (Figure 5B).

We also measured water loss of ripened yellow fruits of similar
size from GCHXK and WT plants following 5 days of exposure to
long-day conditions (16 h light/8 h dark photoperiod) at 25◦C
(Figure 6). No difference in water loss was observed between

FIGURE 6 | Water loss of ripe GCHXK fruits. (A) Ripe, harvested WT, and
GCHXK1 fruits exhibited similar water loss after 5 days of long-day conditions
(16 h light/8 h dark photoperiod) at 25◦C (n = 6). (B) Ripe, harvested WT, and
GCHXK1 fruits used for the water loss experiment, scale bar is 5 cm. Data
displayed as means ± SE.
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FIGURE 7 | The stomatal pores of ripe yellow fruits are plugged. The confocal images A, D, and G are merged images of white light, reflections of the sample, and
GFP fluorescence (stained green). The confocal images B, E, and H are reflections of the sample. The confocal images C, F, and I are 3D simulations, to provide a
side view of the stomata, composed of reflections of the sample and GFP fluorescence (stained green). Breaker fruits were harvested from GCGFP plants. (A–C)
Stomata were taken from a green segment of the fruit. (D–F) Plugged stomata from a yellow segment of the fruit; GFP staining can still be observed within the guard
cells. (G–I) Plugged stomata from a yellow segment of the fruit in which GFP was not detected in the guard cells. Analyses were performed on three biological
replicates.

the GCHXK and WT fruits (Figure 6). Confocal analysis of
stomata of GCGFP citrus fruits revealed that, as demonstrated
previously (Ben-Yehoshua et al., 1985; Hiratsuka et al., 2015), the
stomatal pores of ripened yellow fruits are plugged (Figures 7D–
I). However, GFP signal could still be observed in some of the
plugged stomata (Figures 7D–F). These results suggest that green
GCHXK fruits had lower transpiration rates, since the stomata
at this stage are functional and respond to sugar. However, the
functionality of the stomata disappears toward fruit ripening,
since the stomata of yellow mature fruits are plugged and the
plugged stomata do not respond to sugar signals (Figures 7A–C,
compared to Figures 7D–I).

GCHXK Seeds Are Smaller and
Germinate More Slowly
Previous studies have suggested that the stomata of young
citrus fruits allow photosynthesis and incorporation of CO2
by fruits (Hiratsuka et al., 2015), but the contribution of fruit

photosynthesis to citrus fruit development is not known. We,
therefore, took advantage of the isogenic background of WT
and GCHXK lines to examine the potential effect of the lower
stomatal conductance of GCHXK on fruit development. No
significant changes were observed in size between the GCHXK
and WT fruits, and the number of seeds per fruit of GCHXK
plants was similar to that of WT plants (Figure 8D). Yet, the seeds
of the GCHXK lines were significantly smaller, with a significant
change in their weight distribution (Figures 8A–C). In addition,
GCHXK seeds germinated significantly more slowly than WT
seeds (Figure 9A). On average, the GCHXK seeds germinated
2–3 days later than the WT seeds (Figure 9B).

Ripe GCHXK Fruits Do Not Show
Reduction in Sugar Accumulation
To examine whether GCHXK affects the juice characteristics of
mature yellow fruits, we analyzed the TSS and sugar contents of
mature yellow fruits. The TSS content of the juice of one line,

Frontiers in Plant Science | www.frontiersin.org 6 March 2020 | Volume 11 | Article 25542

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00255 March 5, 2020 Time: 20:6 # 7

Lugassi et al. Sugar Sensing in Citrus Fruit Stomata

FIGURE 8 | GCHXK citrus plants produce smaller seeds. Seed weight was determined by weighing 100 individual seeds from the GCHXK1, GCHXK5, and WT
plants. (A) Representative images of WT, GCHXK1, and GCHXK5 seeds. (B) Weight distribution of the seeds. (C) Average weights of the WT, GCHXK1, and
GCHXK5 seeds. (D) Number of seeds per fruit (for WT and GCHK1, n = 6 fruits; for GCHXK5, n = 3 fruits). Data are displayed as means ± SE. Asterisks denote
significant differences relative to the WT (t-test, P < 0.01).

GCHXK1, was significantly higher than that of the WT, while
that of GCHXK5 was similar to that of WT (Figure 10A). Sugar
analyses revealed similar sucrose and glucose levels, along with
fructose levels that were higher than those observed for the WT
(Figure 10B). These results indicate that GCHXK has no negative
effect on juice parameters.

DISCUSSION

In the current study, we used GCGFP plants that express
GFP under the KST1 promoter and found that stomata are

formed on floral organs early in the reproductive phase.
The KSTpro:GFP construct has already been proven to be
very useful for monitoring the formation of guard cells
(Kelly et al., 2017). It drives guard cell-specific expression
soon after the differentiation of guard cells from guard
mother cells is expressed in all guard cells and allows easy
detection of the appearance of stomata and distribution
(Kelly et al., 2017). In this study, stomata were observed
on the sepals, styles, and anthers of closed citrus flowers,
and on ovules upon the opening of the flowers. It is
likely that the stomata on citrus anthers allow desiccation
and the opening of the anthers, which is required for
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FIGURE 9 | GCHXK seeds germinate more slowly than WT seeds. The
germination rates of the different seeds were examined by sowing 68 seeds of
the WT and GCHXK1, and 40 GCHXK5 seeds. The seeds were divided into
groups of four, and the percentage of seeds that germinated was calculated
from the average of the groups. (A) Percentage of seed that germinated over
28 days. (B) Average time to germination of WT, GCHXK1, and GCHXK5
seeds. Data are displayed as means ± SE. Asterisks denote significant
differences relative to the WT (t-test, *P < 0.05; **P < 0.01).

the release of pollen at anthesis, perhaps similar to the
evolutionarily early role of stomata on the diploid sporophyte
parts of mosses, which allow for spore desiccation and
release (Sussmilch et al., 2017). Indeed, mutation of the
ICE1 transcription factor that reduces the number of mature
stomata on Arabidopsis anthers has been shown to prevent
anther dehiscence and the release of pollen (Wei et al., 2018).
Yet, it has been suggested that stomata of closed flowers
of Lilium hyb. enchantment anthers may allow assimilation
of CO2 at very early stages of pollen development, by low
photon intensity that might penetrate the closed flowers
(Clement et al., 1997).

The role of stomata on the green parts of the flower (i.e.
the sepals, ovule, and style) might be to allow CO2 uptake
and photosynthesis (Vu et al., 1985). The functionality of
fruit stomata has been demonstrated previously in several
species such as banana (Johnson and Brun, 1966), purple
passionfruit, yellow pitaya (Sánchez et al., 2013), and

FIGURE 10 | TSS content and sugar content of GCHXK fruit. (A) TSS levels in
the juices of GCHXK lines, compared to the WT. (B) Relative sucrose,
fructose, and glucose levels (from total sugar content) in the juice of GCHXK
lines, compared to the WT. Each measurement included three samples. For
the WT and GCHXK1, the juice of each sample was collected from two
different fruits. For GCHXK5, the juice of each sample was collected from one
fruit (due to a lack of fruits). Data are displayed as means ± SE. Asterisks
denote significant differences relative to the WT (t-test, *P < 0.05; **P < 0.01).

apple (Blanke and Lenz, 1989). It has also been shown
that young green Satsuma mandarin (C. unshiu) fruits
take up CO2 (Hiratsuka et al., 2012, 2015). Accordingly,
the opening of fruit stomata by light (Blanke and Bower,
1991) and the closure of those stomata by sucrose support
the notion that the stomata of young green fruits allow
for photosynthesis. It has been reported that, at low light
intensities, the photosynthesis of Satsuma mandarin fruit is
more efficient than that carried out in its leaves (Hiratsuka
et al., 2015). However, the extent to which fruit photosynthesis
is important for fruit development is not known. Certain
orange trees (Blanke and Bower, 1991) have small fruits,
whose size has been partially attributed to inefficient fruit
photosynthesis (Blanke and Bower, 1991). Another study
examined why bagging of Satsuma mandarin (to prevent
fungal, insect, and physical damage and to promote color
development of the fruit skin) leads to reduced sugar
levels at harvest. It was suggested that bagging probably
inhibits photosynthesis and CO2 incorporation, leading
to the lower sugar levels that were observed at harvest
(Hiratsuka et al., 2012).
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Yet, despite the reduced stomatal conductance, in our
study, the sugar and TSS contents of mature GCHXK fruits
were not lower than those of WT plants (Figure 10).
However, the seeds of GCHXK plants were smaller and
germinated more slowly, suggesting that the reduced stomatal
apertures of GCHXK fruits did have a negative effect on seed
development. Seed development starts at anthesis, immediately
after pollination, when the fruits (ovules) are still very small,
and since the stomata appear on ovules at anthesis, they
may allow CO2 incorporation that contributes to ovule and
seed development. Since we observed a reduction of >50%
in GCHXK fruit transpiration, it is likely that the reduced
apertures of the stomata of GCHXK fruits lead to lower fruit
photosynthesis rates, which negatively affect seed development.
No negative effects on leaf photosynthesis rates or plant
growth were observed concurrent with the vegetative growth of
GCHXK plants (Lugassi et al., 2015), minimizing the possibility
that the seeds were indirectly affected by fluctuations in
leaf photosynthesis.

As citrus fruits mature, the fruit guard cells collapse and
the stomata accumulate a wax-like substance (Hiratsuka et al.,
2015). Accordingly, no difference in water loss was observed
between mature yellow GCHXK and WT fruits. Based on
our GCGFP line, it appears that while the stomatal pore
is plugged throughout fruit yellowing, some of the guard
cells do not collapse, remain intact, and even retain their
GFP signal (Figures 7D–F). Nevertheless, the results of this
study indicate that the stomata on the reproductive organs
at early developmental stages of citrus flowers are not only

reminiscent of their epidermal origin, but may contribute to
seed development.
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Salt stress impedes plant growth and development, and leads to yield loss. Recently,
a halophyte species Mesembryanthemum crystallinum has become a model to study
plant photosynthetic responses to salt stress. It has an adaptive mechanism of shifting
from C3 photosynthesis to crassulacean acid metabolism (CAM) photosynthesis under
stresses, which greatly enhances water usage efficiency and stress tolerance. In
this study, we focused on investigating the morphological and physiological changes
[e.g., leaf area, stomatal movement behavior, gas exchange, leaf succulence, and
relative water content (RWC)] of M. crystallinum during the C3 to CAM photosynthetic
transition under salt stress. Our results showed that in M. crystallinum seedlings, CAM
photosynthesis was initiated after 6 days of salt treatment, the transition takes place
within a 3-day period, and plants became mostly CAM in 2 weeks. This result defined
the transition period of a facultative CAM plant, laid a foundation for future studies on
identifying the molecular switches responsible for the transition from C3 to CAM, and
contributed to the ultimate goal of engineering CAM characteristics into C3 crops.

Keywords: Mesembryanthemum crystallinum, salt stress, photosynthesis and photorespiration, C3 to CAM
transition, physiology

INTRODUCTION

Mesembryanthemum crystallinum can switch its photosynthetic system from C3 photosynthesis
to crassulacean acid metabolism (CAM) under drought or salt conditions. CAM is a specialized
mode of photosynthesis that has nocturnal fixation of atmospheric CO2 into organic acids (e.g.,
malic acid) by phosphoenolpyruvate carboxylase (PEPC), whereby the CO2-storing organic acids
are remobilized and decarboxylated to provide CO2 for the Calvin cycle during the day (Winter
et al., 2015). M. crystallinum is also known as a succulent plant with more succulence in leaves
at adult and flowering stages than at juvenile stage (Adams et al., 1998). Because the CO2-storing
organic acids are mainly stored in mesophyll cells, some degree of succulence is required for CAM
to be efficient (Males, 2017). The succulence ensures independence from limited or unpredictable
water supply after the juvenile growth phase. Over the years, M. crystallinum has become a favorite
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halophyte model for studying C3 and CAM due to its
facultative capability under stress conditions (Vinocur and
Altman, 2005; Winter and Holtum, 2014; Winter et al., 2015;
Males and Griffiths, 2017).

Osmotic stress and ionic stress are two main challenges for
plants growing under salinity (Munns and Tester, 2008). Mature
M. crystallinum can survive high salt concentrations because of
its ability to store water and its capacity of epidermal bladder
cells (EBCs) to sequester up to 1 M sodium salt for adjusting the
osmotic pressure (Bohnert and Cushman, 2000). Salt tolerance
combined with the high water use efficiency (WUE) makes
M. crystallinum an efficient CAM plant (Agarie et al., 2007).
A comprehensive transcriptomic analysis of EBCs showed that
V-type H+-ATPase (VHA) subunits were highly induced for
vacuolar Na+ deposition in the EBCs (Oh et al., 2015).

Stomatal behavior is another specific feature of CAM plants.
Stomatal movement is controlled by many different factors,
including light, CO2 concentration, and circadian clock. In
C3 plants, stomata open in the day and close in the night,
causing much water loss through diurnal transpiration during
C3 photosynthesis. Under mild stresses, plants reduce stomatal
conductance, leading to decreases in CO2 intake and mesophyll
photosynthesis (Chaves et al., 2009). In CAM plants, stomata
are closed in the day and open at night to minimize water
loss during PEPC-mediated CO2 fixation in the night. Then
during the day, the CO2-storing organic acids are decarboxylated
to provide high concentration of CO2 for C3 photosynthesis
with closed stomata.

Differences in gene expression, protein, and metabolite levels,
as well as phenotypic changes have been studied in C3 and CAM
plants (Aragón et al., 2012; Cosentino et al., 2013; Abraham et al.,
2016; Chiang et al., 2016). For example, weekly morphological
and physiological changes in micropropagated pineapple under
CAM-inducing conditions were characterized (Aragón et al.,
2012). However, studies focusing on the physiological and
molecular changes in the model plant M. crystallinum during
the C3 to CAM transition in a short period have not been
published. Here we report the morphological and physiological
changes in M. crystallinum under salt-stress induced transition
from C3 to CAM photosynthesis. By studying the short
transition period, we were able to investigate mechanistic
changes of photosynthesis, especially the regulatory triggers in
facultative CAM plants. We observed that high salt concentration
in the soil influences M. crystallinum phenotypic changes.
In addition, stomatal movement combined with the leaf
succulence assay during the transition period also gave us
insight into how the facultative CAM plants reduce water
loss, and how leaf succulence was developed to facilitate
CAM photosynthesis.

MATERIALS AND METHODS

Plant Growth and Salt Stress
Mesembryanthemum crystallinum seeds were provided by
Professor John C. Cushman at the University of Nevada.
M. crystallinum seeds were germinated and grown in a plant

growth chamber at 26◦C during the day and 18◦C at night
in a 12/12 h day/night cycle. Each seedling was grown in a
946 mL foam pot with Sungro Propagation Mix soil (SunGro
Horticulture, MA, United States). Plants were watered three
times a week with 50 mL 0.5× Hoagland’s solution (Hoagland
and Arnon, 1950) for 28 days. Then plants in the control
group were watered daily with 50 mL 0.5× Hoagland’s solution,
while those in treatment group were watered with 50 mL
0.5× Hoagland’s solution containing 0.5 M NaCl following
the protocol by Cushman et al. (1990). All the experiments
were conducted with four biological replicates unless otherwise
stated, with each individual plant being an independent
biological replicate.

Relative Water Content Analysis
To obtain fresh weight of leaves, the third and fourth leaf were
detached and weighed. Similarly, fresh weight of the remnant
shoot was weighed and fresh weight of the whole shoot was
calculated by summing the weights of the leaves and remnant
shoot. The leaves and remnant shoots were wrapped in aluminum
foil, immersed immediately in a 4◦C distilled water bath and
soaked for 12 h. After 12 h, leaf surface was quickly blotted dry
using paper towels and leaf turgid weight was measured. Then
leaves were dried in an 80◦C oven for 12 h, and leaf dry weight was
measured. RWC was calculated by RWC = [(Fresh Weight−Dry
Weight)/(Turgid Weight− Fresh weight)] ∗ 100% (González and
Gonzalez-Vilar, 2001). Four biological replicates were used in
both control and salt-treated groups.

Leaf Area Measurement
A python program was created using the ratio of green pixels
against 1 cm2 black spot pixels used for measuring leaf surface
area with images taken by a Cannon Rebel T6 DSLR camera
(Supplementary Figure S1 and Supplementary File S1). Eight
plants were divided into control and salt-treatment groups. They
were photographed at 12 pm every day to track leaf growth, and
the python program was used for leaf area measurement. Leaf
area simulation was based on a model reported by Xiao et al.
(1988), and parameters were calculated using minimum distances
between simulation and acquired data.

Gas Exchange Measurement
Gas exchange measurements were conducted by a portable
photosynthesis system (Li-Cor 6800, Li-Cor Inc., Lincoln, NE,
United States) equipped with a 68H-581066 fluorescence head
and a 6 cm2 chamber. An air flow ratio was set to 800 µmol s−1

with chamber delta P at 0.2 kPa, and a fan speed of 10,000 min−1.
Relative humidity in the chamber was set to 50% to be consistent
with the humidity setting in the plant growth chamber, and the
reference cell CO2 concentration was set to 400 µmol mol−1 air.
Light intensity in the fluorescence head was set to track the light
intensity measured by the external quantum sensor. A program
was made to log parameters every 30 s and to match IRGA
(infrared gas analyzer) every 30 min. The Li-Cor instrument
was kept in the growth chamber for diurnal and nocturnal gas
exchange monitoring. Three separate biological replicates were
conducted for the gas exchange measurement.
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Stomatal Phenotype Observation and
Measurement
A stomata tape-peel method (Lawrence et al., 2018) was used for
stomatal movement observation. A piece of transparent adhesive
tape was attached to the central part of the abaxial side of the
third or fourth leaf, and a razor blade was applied to scrape
away non-adherent cells. The tape with a thin layer of cells
was put onto a microscopy slide, and then observed under a
Leica DM6000 B microscope. Fifteen images of three biological
replicates were taken in Openlab 5.5.3 in RGB mode for each
group at each observation time point. Diurnal and nocturnal
behaviors of stomatal movement were observed at 4 pm and
4 am, respectively. ImageJ was used to analyze microscopic
images1 and150 stomata were observed from the 15 images.
The stomatal aperture was measured by the width of inner
pore, and the proportion of open stomata was calculated by
division of the number of open stomata by that of total stomata
(Eisele et al., 2016).

Leaf Succulence Measurement
Leaf succulence was measured daily at 4 am for 14 days after
start of control and salt treatment. Then the second pair of leaves
from one plant was used as one biological replicate, and a total of
four plants were measured. The leaf area was measured using the
same protocol as described above using the python program, and
leaf fresh weight was measured immediately after the leaves were
excised. Leaf succulence (g cm−2) was calculated by leaf fresh
weight/leaf area. Four biological replicates were used at each time
point for each treatment.

Malondialdehyde Content Measurement
We adapted a method from Wang et al. (2019) for measuring
the malondialdehyde (MDA) content. Leaves of ice plants were
harvested before and after salt treatment, and then ground
to a fine powder in liquid nitrogen. A total of 3 mL 10%
trichloroacetic acid (TCA) was added to 0.2 g leaf tissue powder
and kept in 4◦C overnight. After centrifugation at 10,000 × g,
4◦C for 20 min, the supernatant (2 mL) was transferred to a
new tube. Then, 2 mL 0.6% thiobarbituric acid was added to the
supernatant, and vortexed thoroughly. The mixture was heated
in boiling water for 15 min, cooled to 4◦C immediately and
centrifuged at 10,000 × g, 4◦C for 10 min. Absorbance of the
supernatant was recorded at wavelengths of 532 and 450 nm.
The MDA content (µmol L−1) was calculated by 6.45 ∗ OD532 –
0.56 ∗ OD450. Four biological replicates were conducted at
each time point.

Statistical Analysis
Experimental values were processed using Numpy module and
Scipy module installed on Python 3.5. Bars in the figures
correspond to standard errors, and a star in the figures indicates
p-value <0.05 based on Student’s t-test, and two stars indicate
p-value <0.01.

1https://imagej.nih.gov/ij/

RESULTS

Plant Growth and Leaf Area Changes
Mesembryanthemum crystallinum seedlings have different leaf
shapes at different developmental stages. In this study, we used
seedlings at the early developmental stage (Figure 1) before
they shift into CAM photosynthesis. After 4 weeks of growth,
the second pair of primary leaves became as large as the first
pair of primary leaves. Then we applied salt treatment to one
group of the plants. In the first week of treatment, there are
no significant plant growth differences between the control and
salt-treated groups. After 1 week of salt-treatment, the treated
plants decreased the rate of leaf growth compared to the control
plants (Figure 1). Leaf area change is closely related to plant
growth, development, and water usage. Here we developed a
python script (Supplementary File S1) using leaf images with
a 1 cm2 reference square on the same plane to accurately
measure the leaf areas of M. crystallinum seedlings every day
for a total of 56 days. Statistics analysis was performed between
the leaf areas from control and treatment groups. Clearly,
M. crystallinum seedlings had a fast growing trend (Figure 2)
in the control group using a simulated equation: A(cm2) =
29.7391× (1.0830D+21

− 1). A is the total leaf area and D is the
days after treatment. After salt treatment, M. crystallinum leaves
grew at a similar rate as the control group in the first 5 days, and
then slowed down the growth after 7 days of salt-treatment with
a simulated equation:

A (cm2) = 29.7391× (1.0830D+21
− 1) if D ≤ 0.

A (cm2)=29.7391×(1.0830D+21
−1)− 5.7849(1.2998D+21

−1)

if D > 0.

Since carbon fixation plays an important role in leaf
expansion, these results indicate that after 7 days of salt stress,
the ice plants may have less carbon fixation compared to the
C3 plants.

CO2 Assimilation and Transpiration
Stomata conductance to water vapor is affected by many factors,
such as stomatal aperture, CO2 concentration, light intensity, and
temperature. In this study, we did gas exchange measurements
for leaf assimilation rate continuously over 14 days after the
salt treatment (Figure 3A). In control plants, the assimilation
rate during the day is in the range of 6.0–12.0 µmol m−2 s−1,
and in the range of −2.0 to 0.0 µmol m−2 s−1 during the
night. In contrast, in the salt-treated plants, the assimilation rate
has a decreasing trend in the day and an increasing trend in
the night. The gas exchange result of control plants indicates
that under well-watered conditions, the 42-day-old plants did
not switch to CAM photosynthesis and the photosynthetic
activity was steady in the leaves. The salt treatment results
showed that the assimilation rate was decreased during the day
after 6 days of salt-treatment. However, the assimilation rate
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FIGURE 1 | Morphology of M. crystallinum seedlings growing under control and salt treatment for 14 days. Each image is representative of the seedlings at 12 pm in
the four biological replicates.

during the night was increased after 6 days of treatment. After
8 days of the salt-treatment, the assimilation rate during the
night was increase to almost 0.0 µmol m−2 s−1, indicating
that switching to CAM took place between 6 and 8 days
after treatment.

After 9 days of salt treatment, the plants had an interesting
pattern of gas exchange rate, the lowest assimilation rate
during the day was lower than 0.0 µmol m−2 s−1 at 2 pm,
and the highest assimilation rate during the night was higher
than 0.0 µmol m−2 s−1 at 2 am. When the chamber light
initially came on, the assimilation rate culminated from
lower than −2.0 µmol m−2 s−1 to >2.0 µmol m−2 s−1,
and when the chamber light switched off, the assimilation
rate dropped from higher than 1.0 µmol m−2 s−1 to
lower than −2.0 µmol m−2 s−1 (Figure 3A). These
results indicated the existence of the CAM circadian clock,

which controlled stomata closure before the chamber light
switched on and stomatal opening before the chamber
light switched off.

Diurnal Stomatal Movement
We measured diurnal stomatal movement patterns through
analyzing stomatal aperture and the proportion of opening
stomata every 12 h during the 14-day period after the salt
treatment. As shown in Figure 3B, the size of M. crystallinum
stomatal aperture was in a range of 1.7–3.0 µm while stomata
were open, and at a range of 0.7–1.1 µm while stomata
were closed. The inversed stomatal movement behavior in the
salt-treated plants was observed between 6 and 7 days after
the treatment, indicating that CAM photosynthetic mechanism
starts to play a role at day 7. It was noticed that the overall
stomatal aperture of salt-treated plants became smaller after
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FIGURE 2 | Whole leaf area measurement of M. crystallinum seedlings during their growth for 42 days. The salt treatment began at day 0. (A) Leaf area changes in
control group (blue line) and salt-treated group (orange line) of M. crystallinum. (B) Simulation of M. crystallinum growth of the control group. The line represents the
simulation and the dots represent exact leaf area of each biological replicate. (C) Simulation of M. crystallinum growth of the salt treated group. The line represents
the simulation and the dots represent exact leaf area of each biological replicate.

10 days of treatment, so did the size of the stomatal guard cells
(Supplementary Figure S2).

Leaf Succulence and RWC
As shown in Figure 4A, leaf succulence of both control and
salt-treated M. crystallinum seedlings increased slowly from
0.12 to 0.16 g cm−2 during the beginning 5 days. In salt-
treated M. crystallinum, leaf succulence was significantly higher
than the control group after 5 days of the salt-treatment,
and it increased to 0.18 g cm−2 after day 11. The RWC
data showed M. crystallinum seedlings had an increase in
water storage during the leaf growth from 62.5 to 80%
(Figure 4B), which provides a strong support of the increasing
leaf succulence of M. crystallinum at this developmental stage.
Unlike the leaf succulence result, RWC of the salt-treated
plants was significantly higher than control plants from day
4 to day 11, but it dropped to similar levels as control
plants after day 12.

MDA Content
The MDA contents of M. crystallinum leaves were in a range
of 0.8–1.5 nmol g−1 fresh weight in the control group. From
day 7 after the salt treatment, the MDA contents began to show
significant increases compared to the control group. Overall, the
salt-treated group had higher MDA contents than the control

group, and they were in a range of 1.4–2.1 nmol g−1 fresh weight
after day 7 of the salt treatment (Figure 5).

DISCUSSION

Mesembryanthemum crystallinum is a well-known facultative
CAM plant, which can change its stomatal movement pattern
and gas exchange profile [e.g., from direct Rubisco-mediated CO2
assimilation to PEPC-mediated assimilation (Silvera et al., 2010;
Winter and Holtum, 2014)]. Stomatal conductance mediated by
guard cell circadian cycle needs to be synchronized with the
mesophyll CAM cycle and the associated metabolite changes
(Gallé et al., 2015; Males and Griffiths, 2017). It was reported
that a relatively low nocturnal temperature may help to optimize
the CAM activity (Yamori et al., 2014). To facilitate the C3 to
CAM transition after salt treatment, we applied a consistent
environment with relatively high diurnal temperature (26◦C)
and low nocturnal temperature (18◦C). Under our conditions,
the M. crystallinum seedlings showed normal C3 growth and
development (Figure 1; Adams et al., 1998). When salt treatment
was applied, the seedlings continue to grow at the similar rate as
control for 6 days, and thereafter slowed down the growth and
leaf expansion (Figures 1, 2). The phenotypic data reflect the shift
from C3 to CAM, and the shift clearly compromised the seedling
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FIGURE 3 | Leaf CO2 assimilation and stomatal aperture changes in the control and salt-treated M. crystallinum seedlings. (A) Leaf CO2 gas exchange and (B)
stomatal movement behavior. The blue line represents the control group and the orange line represents the salt-treated group. The gray bars represent the night time
and the white bars represent the day time. The error bar represents standard error. The data were obtained from three biological replicates.

growth and development. How salt stress triggers the transition
from C3 to CAM is still a mystery. Although it is challenging
to differentiate salt stress responses from the specific responses
leading to the C3 to CAM transition, studying the changes in
diel patterns at molecular and physiological levels may provide
important insights into the CAM initiation.

According to the net CO2 exchange data, M. crystallinum
plants were determined to switch from C3 to CAM under
drought stress and revert to C3 upon re-introduction of water
to plants (Winter and Holtum, 2014). Our gas exchange data
showed the transition from C3 to CAM under salt stress took
place from 6 to 8 days after salt treatment and the CO2
exchange values were consistent with those reported in Winter
and Holtum (2014) at both the C3 stage and CAM stage

(Figure 3). Interestingly, leaf succulence and RWC increased
in the salt-treatment group (Figure 4) before the gas exchange
value had significant changes between the salt-treatment group
and the control group (Figure 3A). These results seem to
suggest succulence may be a prerequisite for the development
of CAM photosynthesis (Bohnert and Cushman, 2000). During
and after the C3 to CAM transition of the salt-treated seedlings,
the leaf succulence maintained at higher levels than control
seedlings. This result is consistent with the report that another
facultative CAM plant Ananas comosus (L.) Merr. var MD-2
showed high leaf succulence after 4 weeks in CAM-inducing
conditions (Aragón et al., 2013). Leaf succulence due to enlarged
vacuoles contributes to not only malic acid storage, but also water
storage under drought or salt stress. In addition, tightly packed
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FIGURE 4 | Changes in leaf succulence and relative water content (RWC) in the control and salt-treated M. crystallinum seedlings. (A) Leaf succulence. The blue
dots represent the control group and the orange dots represent the salt-treated group. The error bar represents standard error. (B) RWC. The blue dots represent
the control group and the orange dots represent the salt-treated group. The error bar represents standard error. An asterisk indicates a Student’s t-test (p < 0.05)
and two asterisks indicate a Student’s t-test (p < 0.01). The data were obtained from four biological replicates.

large cells restrict CO2 efflux and enhance CO2 assimilation
efficiency (Aragón et al., 2012, 2013). It should be noted that
succulence and CAM are closely associated across the tree of
life, although some CAM species (e.g., bromeliads) do not have
succulent photosynthetic organs (De Santo et al., 1983; Ogburn
and Edwards, 2013; Edwards, 2019).

In this study, we observed that significant changes in stomatal
movement behavior occurred in the night of day 7 after the
salt treatment (Figure 3B). This inverted stomatal movement
behavior is essential for the nocturnal carbon fixation of CAM
plants (Males and Griffiths, 2017; Edwards, 2019). Currently,
there is little experimental data on the signaling pathways that
control the inverse stomatal pattern in CAM plants. What
drives the inversed stomatal behavior has been under debate. It
was proposed that the nocturnal stomatal opening is mediated
by the low CO2 concentration in the intercellular air space
due to the PEPC activity, i.e., stomatal opening is driven by
the nocturnal CO2 fixation (Cockburn, 1979; Griffiths et al.,
2007; von Caemmerer and Griffiths, 2009). There are limited
experimental data providing correlation but not direct cause

and effect (Cockburn, 1979; Kebeish et al., 2012). For example,
expression of a Solanum tuberosum PEPC under the control
of a dark-induced promoter Din 10 in Arabidopsis resulted in
greater stomatal conductance, respiration, and transpiration in
dark-adapted leaves than wild-type plants (Kebeish et al., 2012).
However, there is no evidence to imply the cause of stomatal
movement is CO2. In fact, humidity should also be considered
as humidity is generally high in the night (Meinzer, 2002).
Other data appear to refute the role of CO2 in CAM induction.
For example, in two facultative species, Clusia pratensis and
M. crystallinum at C3 state, 100 or 800 ppm CO2 treatment
during daytime showed no effect on nocturnal CO2 exchange, i.e.,
no CAM induction (Winter, 1979; Winter and Holtum, 2014).
These data suggest that CO2 concentration may not be the CAM
inducing factor. In addition, mesophyll-derived apoplastic malate
was recently reported to link stomatal regulation with mesophyll
cell metabolism (Medeiros et al., 2016).

High salinity can induce oxidative stress in plants
(AbdElgawad et al., 2016). In this study, we measured MDA
content as an indication of oxidative stress. Interestingly,
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FIGURE 5 | Changes in MDA contents in the control and salt-treated M. crystallinum seedlings. The blue dots represent the control group and the orange dots
represent the salt-treated group. The error bar represents standard error. An asterisk indicates a Student’s t-test (p < 0.05) and two asterisks indicate a Student’s
t-test (p < 0.01). The data were obtained from four biological replicates.

MDA content did not significantly increase until day 8 after
salt treatment, i.e., before the initiation of the transition
from C3 to CAM photosynthesis (Figure 5). Previous studies
indicated that oxidative stress could facilitate the switch from
C3 to CAM (Aragón et al., 2012, 2013). After 8 days of salt
treatment, the relatively high MDA content was maintained in
the M. crystallinum seedlings, suggesting oxidative stress may
be part of the CAM development and maintenance. However,
it should be noted that the difference between the control
group and the salt-treatment group was similar to some of the
non-CAM halophytes (Ksouri et al., 2007; Amor et al., 2005),
or significantly smaller than some non-halophytes (Liang, 1999;
Sreenivasulu et al., 1999). Since reactive oxygen species and
oxidative stress affect cellular redox state, and many biological
processes including photosynthesis are regulated by redox,
future studies focusing on redox regulation [e.g., using redox
proteomics and metabolomics (David et al., 2019; Yu et al., 2020)]
can be expected to reveal molecular mechanisms underlying the
C3 to CAM transition in M. crystallinum plants.

CONCLUSION

Mesembryanthemum crystallinum is a facultative CAM
plant, which can switch from C3 photosynthesis to CAM
photosynthesis under salt stress treatment. Based on a
combination of phenotypic and physiological measurements
(including leaf area, gas exchange, stomatal aperture, leaf
succulence, RWC and MDA contents), we found the critical
transition time for M. crystallinum seedlings to shift from C3 to
CAM photosynthesis is between 6 and 8 days of salt treatment.
The quick transition to CAM photosynthesis is important for
the seedlings to establish tolerance to environmental stresses
with CAM characteristics, such as high WUE and inverted
stomatal behavior. Our study has laid a foundation for further

experiments to determine the molecular switches underlying the
rapid C3 to CAM transition, and thereby engineering CAM into
C3 crops for enhanced WUE and stress tolerance.
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FIGURE S1 | Development of a method for measuring leaf area. (A) Positioning
of the plant and 1 cm2 reference spot. (B) Original image taken by a digital
camera. (C) Border outline of the leaves, as a quality control for the pixel selection.

(D) Total reference pixels detected in the image, and white pixels represent the
reference pixels. (E) Total leaf pixels detected in the plant image; light yellow pixels
represent the pixels detected in green.

FIGURE S2 | Stomatal aperture changes in day and night during the C3 to CAM
transition of M. crystallinum seedlings in the control and the salt groups. The data
were collected at 4 am representing night and 4 pm representing day.

FILE S1 | A python script for detecting green pixels as leaf pixels, with black pixels
as reference pixels to calculate the leaf area by green pixels ∗ actual reference
area divided by the reference pixels.
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CO2-Mediated Stomatal Movements
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Jingjing He1†, Ruo-Xi Zhang1†, Dae Sung Kim1, Peng Sun1, Honggang Liu1,
Zhongming Liu1, Alistair M. Hetherington2 and Yun-Kuan Liang1*

1 State Key Laboratory of Hybrid Rice, Department of Plant Science, College of Life Sciences, Wuhan University, Wuhan,
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Elevated CO2 (eCO2) often reduces leaf stomatal aperture and density thus
impacts plant physiology and productivity. We have previously demonstrated that
the Arabidopsis BIG protein distinguishes between the processes of eCO2-induced
stomatal closure and eCO2-inhibited stomatal opening. However, the mechanistic
basis of this action is not fully understood. Here we show that eCO2-elicited reactive
oxygen species (ROS) production in big mutants was compromised in stomatal closure
induction but not in stomatal opening inhibition. Pharmacological and genetic studies
show that ROS generated by both NADPH oxidases and cell wall peroxidases contribute
to eCO2-induced stomatal closure, whereas inhibition of light-induced stomatal opening
by eCO2 may rely on the ROS derived from NADPH oxidases but not from cell wall
peroxidases. As with JA and ABA, SA is required for eCO2-induced ROS generation
and stomatal closure. In contrast, none of these three signals has a significant role
in eCO2-inhibited stomatal opening, unveiling the distinct roles of plant hormonal
signaling pathways in the induction of stomatal closure and the inhibition of stomatal
opening by eCO2. In conclusion, this study adds SA to a list of plant hormones that
together with ROS from distinct sources distinguish two branches of eCO2-mediated
stomatal movements.

Keywords: elevated CO2, stomatal movement, plant hormones, reactive oxygen species, NADPH oxidases, cell
wall peroxidases

INTRODUCTION

Stomata formed by a pair of guard cells regulate gas exchanges between plants and the
atmosphere. Guard cells sense and integrate both extra- and intracellular signals, such as
light, temperature, carbon dioxide (CO2), plant hormones, leading to plant adaptive responses

Abbreviations: ABA, abscisic acid; CA, carbonic anhydrase; CO2, carbon dioxide; eCO2, elevated carbon dioxide;
DPI, diphenylene iodinium; DMSO, N,N-dimethylsphingosine; H2O2, hydrogen peroxide; H2DCF-DA, 2′,7′-
dichlorodihydrofluorescein diacetate; JA, jasmonic acid; MES, 2-[N]-morpholinnoethane sulfonic acid; NADPH,
nicotinamide adenine dinucloetide phosphate; NO, nitric oxide; PAMP, pathogen-associated molecular pattern; PAOs,
polyamine oxidases; PCR, polymerase chain reaction; PRXs, peroxidases; RBOH, respiratory burst oxidase; ROS, reactive
oxygen species; RT-PCR, reverse transcription-polymerase chain reaction; SHAM, salicylhydroxamic acid; SA, salicylic acid;
SAR, systemic acquired resistance; WT, wild type.
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(Hetherington and Woodward, 2003; Murata et al., 2015; He
and Liang, 2018). The continuing rise of atmospheric CO2 can
profoundly impact plant physiology and crop yield potential
via stomata, as elevated CO2 (eCO2) concentration in the
atmosphere reduces leaf stomatal aperture and density in many
species including crop plants (Woodward, 1987; Assmann,
1993; Keenan et al., 2013; Xu et al., 2016). Understanding
CO2 signaling in guard cells is important in the context of
breeding “climate change ready” crop varieties with improved
agricultural performance and nutritional content (Kim et al.,
2010; Myers et al., 2014; Caine et al., 2018; Zhang et al., 2018).
In guard cells, CO2 signaling starts from CO2 conversion to
bicarbonate (HCO3

−) by βCA1 (beta Carbonic Anhydrase 1) and
βCA4, followed by activation of MATE type transporter RHC1
(Resistance to High CO2), MPK4 (Mitogen-Activated Protein
Kinase 4) and MPK12, subsequently leading to inhibition of HT1
(High Leaf Temperature 1), which phosphorylates and inactivates
OST1 (Open Stomata 1). Repression of HT1 facilitates S-type
anion channel activation by OST1 to mediate the anion effluxes
resulting in stomatal closure (Hashimoto et al., 2006; Hu et al.,
2010; Tian et al., 2015; Hashimoto-Sugimoto et al., 2016; Hõrak
et al., 2016; Jakobson et al., 2016; Tõldsepp et al., 2018; Zhang
et al., 2018).

As typified by the abscisic acid (ABA) receptors, the
components in the stomatal closure induction and the stomatal
opening inhibition are not necessarily the same (Assmann, 1993;
Mishra et al., 2006; Yin et al., 2013; Dittrich et al., 2019). We
have recently identified the Arabidopsis BIG protein as a novel
component involved in eCO2-induced stomatal closure but not of
eCO2-inhibited light-induced stomatal opening (He et al., 2018).
BIG is involved in diverse processes including auxin transport,
light and hormonal signaling, vesicle trafficking, endocytosis,
phosphate deficiency tolerance, and the dynamic adjustment of
circadian period (Li et al., 1994; Ruegger et al., 1997; Gil et al.,
2001; Kanyuka et al., 2003; López-Bucio et al., 2005; Paciorek
et al., 2005; Yamaguchi et al., 2007; Hearn et al., 2018). Mutations
in the Arabidopsis BIG gene suppress eCO2-induced stomatal
closure due to the disrupted activity of S-type ion channels (He
et al., 2018). Direct channel regulation has been demonstrated
to be insufficient to explain the strong eCO2-induced stomatal
closing response in Arabidopsis (Wang et al., 2016). More
recently, it has been shown that big mutants are more susceptible
to bacterial pathogens that gain entry to the plant through
stomata (Zhang et al., 2019). These findings point to the need to
gain a better understanding of how BIG distinguishes two distinct
processes of stomatal movement in response to eCO2. Given that
reactive oxygen species (ROS) play a significant role in various
signaling processes, and the results of investigations have revealed
a role for BIG in redox signaling (Rhee et al., 2000; Gil et al., 2001;
Grek et al., 2013; Song et al., 2014; Parsons et al., 2015; Zhang
et al., 2019), we hypothesized that ROS production has a central
role to play in defining stomatal responses to eCO2.

ROS including hydrogen peroxide (H2O2) and superoxide
(O2
−) are widely produced in different cellular compartments

in plants and have been recognized as a major regulator in
various aspects of plant life such as stomatal development
and movement, particularly under different abiotic and biotic

stress conditions (McAinsh et al., 1996; Neill et al., 2002; Foyer
and Noctor, 2005; Song et al., 2014; Sierla et al., 2016). In
Arabidopsis, apoplastic ROS are mainly produced by plasma
membrane-localized NADPH oxidases and cell wall peroxidases
(Song et al., 2014; Murata et al., 2015; Singh et al., 2017), and
the activities of these different types of enzymes are strongly
inhibited by diphenylene iodonium (DPI) and salicylhydroxamic
acid (SHAM), respectively (Allan and Fluhr, 1997; Pei et al.,
2000; Mori et al., 2001; Khokon et al., 2011; Miura et al.,
2013). The evolution and maintenance of different sources for
ROS production is most likely due to the requirement for
intricate control of oxidative signaling, given the fact that ROS
can be cytotoxic and mutagenic and for their proper function
in signaling their production must be tightly regulated both
temporally and spatially (Mittler, 2017).

ABA and jasmonate (JA) induce ROS accumulation in guard
cells via the activities of two NADPH oxidases, RBOHD and
RBOHF (Torres et al., 2002, 2006; Kwak et al., 2003; Suhita
et al., 2004), whereas salicylic acid (SA) likely regulates ROS
homeostasis via the peroxidases-catalyzed reactions (Mori et al.,
2001; Khokon et al., 2011), and the inhibition of catalase
and ascorbate peroxidase (Chen et al., 1993; Durner and
Klessig, 1995). eCO2-induced stomatal closure is suppressed
in the rbohDrbohF double mutants (Kolla et al., 2007; Chater
et al., 2015). Peroxidases are bifunctional enzymes, through two
possible catalytic cycles, hydroxylic and peroxidative, to generate
or detoxify and regulate H2O2 levels. For example, during the
hydroxylic cycle, the peroxidases catalyze the generation of
·OH and HOO· from H2O2 by two different routes (Passardi
et al., 2004). In Arabidopsis, there are 73 isoforms of cell wall
peroxidases (Tognolli et al., 2002; Passardi et al., 2006). Two
cell wall peroxidase-encoding genes, PRX33 and PRX34, which
are highly and preferentially expressed in guard cells compared
with other PRXs members according to Genevestigator (an
available microarray database1), are widely involved in H2O2
production against fungi-, bacteria-, SA-, and flg22-induced
stomatal closure (Bindschedler et al., 2006; Daudi et al., 2012;
O’Brien et al., 2012a,b; Arnaud et al., 2017). Notably, SA-
mediated ROS production and stomatal closure are not impaired
by DPI or in rbohDrbohF double mutant (Khokon et al.,
2011). In contrast to NADPH oxidases, the importance of ROS-
producing peroxidases to plant adaptive responses, particularly
their function in regulating eCO2-mediated stomatal movement,
has largely been overlooked.

In this study, by combining pharmacological and genetic
approaches, we reveal distinct roles of ROS-producing
peroxidases and NADPH oxidases for eCO2-induced stomatal
movements. We also found that endogenous SA and SA-
signaling components are required for eCO2-induced stomatal
closure. Neither ABA, JA, or SA are involved in regulating eCO2-
inhibited stomatal opening. In conclusion, our data suggest
that plant hormones and ROS from distinct sources selectively
mediate different stomatal CO2 responses, and shed new light on
ROS action and the CO2 signaling network.

1https://www.genevestigator.com
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MATERIALS AND METHODS

Plant Material and Growth Conditions
All Arabidopsis (Arabidopsis thaliana L.) lines used in this study
were in the Columbia background (Col-0). Seeds of sid2-2,
npr1-1, npr3npr4, and rbohDrbohF were kindly provided by
Drs Shunping Yan and Honghong Hu (Huazhong Agricultural
University, China). Seeds of prx33-3 and prx34-2 was a gift from
Dr. Ildoo Hwang (Pohang University of Science and Technology,
Korea). More information of the mutants used in this study
are shown in Supplementary Table S1. Seed germination and
plant growth were essentially carried out as described in He
et al. (2018). For stomatal aperture bioassays, seeds were surface-
sterilized and sown on half-strength Murashige and Skoog
(MS) medium plates containing 0.6% agar and 1% sucrose.
After stratification (4◦C in the dark for 2 days), the plates
were transferred to the green house at 22◦C/18◦C (day/night)
with 10 h/14 h (light/dark) photoperiod cycle (light intensity
120 µ moles photons m−2s−1), 50% relative humidity, at
ambient CO2, approximate 450 ppm. Ten days old plants were
transferred to soil and grown in the same green house for the
future experiments. For the stomatal bioassays, 4–5 weeks old
plants were used.

Stomatal Aperture Measurements
For elevated CO2-induced stomatal closure, abaxial epidermis
of fully expanded leaves were detached and incubated for 2.5 h
under 150 µmol m−2s−1 light in 50 mM KCl, 10 mM MES/KOH
(pH 6.15) at 22◦C whilst being aerated with CO2-free air by
bubbling through the buffer solution to bring about stomatal
opening, and then either aerated with CO2-free air or elevated
CO2 (800 ppm) for additional 2.5 h before peels were removed,
mounted on slides and stomatal aperture measurements were
recorded using an inverted microscope (Olympus BX51), fitted
camera (Olympus DP70), and ImageJ software v. 1.43u (NIH).
For inhibition of stomatal opening, epidermal peels of abaxial
epidermis floated on the 10 mM MES/KOH (pH 6.20) in 6 cm
dishes at 22◦C for 1 h under the dark, then directly transferred
to fresh dishes and incubated for 3 h under light of 150 µmol
m−2s−1 in 50 mM KCl, 10 mM MES/KOH (pH 6.15) at 22◦C
either aerated with CO2-free air or elevated CO2 (800 ppm) by
bubbling directly into the buffer.

Details of the DPI, SHAM and Tiron treatments were
as follows: The ROS scavenger Tiron (4,5-dihydroxy-1,3-
benzenedisulfonic acid) (Sigma-Aldrich, United States) was
dissolved in water and used at a final concentration of 10 mM,
ROS inhibitor DPI (diphenyl iodonium chloride) (Sigma-
Aldrich, United States) was dissolved in DMSO and used at a
final concentration of 20 µM, SHAM (salicylhydroxamic acid)
(Sigma-Aldrich, United States) was dissolved in ethanol and
used at a final concentration of 2 mM, these chemicals were
added 30 min prior to the addition of 800 ppm CO2. The
highest concentration of DMSO or ethanol that was used was
added to the zero treatments as a control. To avoid experimenter
bias, all the aperture measurements were performed blind. Forty
or sixty stomatal apertures were measured per treatment and

measurements from two replicates of each treatment were pooled
and analyzed by GraphPad Prism 8.0.2 (GraphPad).

Measurement of ROS Production in
Guard Cells
2′,7′-Dichlorofluorescein diacetate (H2DCF-DA) (Sigma-
Aldrich, United Kingdom) fluorescence was used as a measure
for ROS levels as previously described (Chater et al., 2015).
Briefly, epidermal peels from treated leaves were incubated
in 50 mM KCl, 10 mM MES/KOH (pH 6.15) buffer in the
presence of 50 µM H2DCF-DA for 10 min at 22◦C in darkness.
Epidermal strips were washed with 50 mM KCl, 10 mM
MES/KOH (pH 6.15) buffer at room temperature. Subsequently,
the fluorescence in guard cells was detected using TCS-SP8
confocal laser scanning microscope (Leica lasertechnik GmbH,
Heidelberg, Germany). The fluorescent intensities of each image
were analyzed using Photoshop 7.0 (ASI). At least fifty guard cell
pairs were measured per experiment and analyzed by GraphPad
Prism 8.0.2 (GraphPad). To avoid experimenter bias, all the
fluorescent intensities measurements were performed blind.
Each experiment was done at least three independent times with
similar results.

Gene Expression Analysis by
Quantitative Real-Time PCR
Total RNA from aerial parts of the plants was extracted using
RNeasy R© total RNA mini kit (Qiagen) followed by plant genomic
DNA digestion with RNase-free DNase I (Thermo scientific)
according to the manufacturer’s instructions. The absence of
genomic DNA contamination was confirmed by PCR using
RNA as template without reverse transcription. First strand
cDNA was synthesized using Superscript II R© reverse transcriptase
(Invitrogen) and oligo d(T)15−18 (Promega) mRNA primer with
1 µg of total RNA as the template. cDNA corresponding to 20
ng of total RNA and 300 nM of each primer were used in PCR
reactions. Primer sequences used for RT-PCR and quantitative
RT-PCR are listed in Supplementary Table S2. Experiments on
independently grown plant material were carried out three times
and data analyzed by GraphPad Prism 8.0.2 (GraphPad).

Statistical Analysis
The data were statistically analyzed using GraphPad Prism
8.0.2 (GraphPad). The effects of CO2 and chemical treatments
as well as their interactions on variables were analyzed using
analysis of variance (ANOVA). Differences between treatments
were considered significant when the P-value was less than 0.05
by Tukey’s test.

RESULTS

Cell Wall Peroxidases and NADPH
Oxidases Are Required for eCO2-Induced
Stomatal Closure
To test the hypothesis that ROS production has a central
role to play in defining stomatal CO2 responses, we started
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by monitoring ROS levels in the big mutant and wild-type
Col-0 (WT) plants using the fluorescence of H2-DCFDA. As
shown in Supplementary Figure S1A, the application of eCO2
(800 ppm) resulted in rapid enhancement of fluorescence in
WT guard cells, whereas the increases of ROS were greatly
reduced in all big mutant alleles examined, including big-1, doc1-
1, and big-j588 (Supplementary Figure S1A), consistent with
the compromised eCO2-induced stomatal closure (He et al.,
2018). Strikingly, during eCO2 inhibited light-induced stomatal
opening, we observed comparable increases of ROS levels in the
guard cells of the big mutant and WT plants (Supplementary
Figure S1B), in line with previous results (He et al., 2018). These
data suggest that CO2-stimulated stomatal closure and inhibition
of light-induced opening both employ an increase in ROS. This
suggests that the guard cells might employ different mechanisms
to discriminate the types and strength of ROS signals and thereby
finely tune stomatal movements in response to eCO2.

The functioning of NADPH oxidases RBOHD and RBOHF
in eCO2-induced stomatal closure has been well documented
(Kolla et al., 2007; Chater et al., 2015; Geng et al., 2016), while
the function of cell wall peroxidases in CO2 signaling remains to
be investigated. Figures 1A,B show that eCO2 caused an average
25% reduction in stomatal apertures, whereas this reduction was
efficiently abolished by either NADPH oxidases inhibitor DPI or
cell wall peroxidases inhibitor SHAM. Around 30% extra ROS
were induced by eCO2 treatments, but peels pre-treated with
DPI or SHAM failed to exhibit significant ROS accumulation
during eCO2 treatment (Figures 1C,D). These results suggest
that cell wall peroxidases function in eCO2-induced stomatal
closure. We next examined the stomatal CO2 responses in
prx33-3 and prx34-2 using the rbohDrbohF double mutants as
a positive control. Similar to rbohDrbohF, stomatal apertures
of both prx33-3 and prx34-2 mutant lines failed to close in
response to eCO2 (Figure 1E). In line with this observation,
ROS accumulation was not triggered by eCO2 in the prx33-3,
prx34-2, or rbohDrbohF mutants in marked contrast to an
over 50% ROS increase in WT (Figure 1F). These data not
only support the notion that CO2-induced stomatal closure is
dependent on ROS (H2O2) production (Kolla et al., 2007; Chater
et al., 2015; Geng et al., 2016), but also demonstrate an essential
role of cell wall peroxidases including PRX33 and PRX34 in
response to eCO2, shedding new light on ROS action in plants.
Furthermore, as with two eCO2 inducible genes, SLAC1 and
OST1 (Shi et al., 2015; Dittrich et al., 2019), expressions of
RBOHD, RBOHF, PRX33, and PRX34 were upregulated by eCO2
(Supplementary Figure S2), further corroborating our view that
both NADPH oxidases and cell wall peroxidases function in
guard cell eCO2 signaling.

eCO2-Mediated Stomatal Opening
Inhibition Requires ROS Generation
eCO2-induced stomatal closure and the inhibition of light-
induced stomatal opening by eCO2 are two separate processes
(He et al., 2018). Figure 1 shows that eCO2-induced stomatal
closure requires ROS from both NADPH oxidases and cell
wall peroxidases. In eCO2-inhibited light-induced stomatal

opening, eCO2 suppressed opening induced by 36% and this
was associated with an approximate 60% greater increase in ROS
accumulation compared to mock treated plants (Figures 2A,B).
eCO2-inhibited light induced stomatal opening was virtually
abolished by Tiron, a potent ROS scavenger (Figure 2A; Yamada
et al., 2003). Consistently, the eCO2-induced ROS accumulation
was inhibited by Tiron (Figure 2B). Together, these data
support the hypothesis that ROS production is indispensable to
eCO2-mediated inhibition of stomatal opening. DPI dampened
stomatal opening inhibition presumably by blocking eCO2-
induced ROS increase, as in the presence of DPI, a 24%
reduction in stomatal aperture accompanied with a slight while
statistically insignificant increase (14%) of ROS production
was observed (Figures 2A,B). However, neither eCO2-inhibited
stomatal opening nor eCO2-induced ROS accumulation was
compromised by SHAM (Figures 2A,B). The inhibition of
stomatal opening by eCO2 required ROS accumulation which
might be dependent on NADPH oxidases but less likely
on cell wall peroxidases. These data suggest that ROS from
distinct sources differentially modulate eCO2-triggered stomatal
movements. Importantly, when the rbohDrbohF, prx33-3, and
prx34-2 and WT plants were analyzed, we observed similar eCO2-
inhibited stomatal opening and guard cell ROS accumulations
(Figures 2C,D), suggesting RBOHD, RBOHF, PRX33, and
PRX34 are unlikely to be involved in the inhibition of stomatal
opening by eCO2. On the basis of our results we conclude
that sources of ROS, other than those described above, must be
involved in eCO2-inhibited stomatal opening.

eCO2-Induced ROS and Stomatal
Closure Require SA and SA Signaling
SA can modulate plant growth, development and responses
to a wide range of biotic and abiotic stresses. To determine
whether SA participates in eCO2-induced stomatal closure, we
measured stomatal apertures and ROS production using SA-
deficient mutant sid2-2 (SA Induction-Deficient 2) after eCO2
treatments. While stomatal apertures of WT were reduced by
about 10%, no significant reduction of stomatal apertures was
detected in sid2-2 by eCO2 application (Figure 3A). Additionally,
we tested npr1-1, npr3npr4 mutants because NPR1, NPR3, and
NPR4 are key components of SA signaling (Fu et al., 2012;
Wu et al., 2012; Kuai et al., 2015; Ding et al., 2018). In
contrast to a nearly 20% reduction of stomatal apertures in
WT, npr1-1 and npr3npr4 mutants displayed no appreciable
eCO2-induced stomatal closure (Figure 3B). Consistently, eCO2-
induced ROS accumulation in guard cells was completely
abolished in sid2-2, npr1-1 as well as in npr3npr4 (Figures 3C,D
and Supplementary Figure S3). These results indicate that eCO2-
induced stomatal closure requires an intact SA signaling pathway,
and both SA biosynthesis and SA signaling are involved in eCO2-
induced ROS production.

SA, JA, and ABA Function Differently in
eCO2-Inhibited Stomatal Opening
As shown in Figure 4A, stomata of WT and sid2-2, npr1-1,
and npr3npr4 exhibited a similar degree of closure as WT
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FIGURE 1 | Cell wall peroxidases and NADPH oxidases are required for elevated CO2-induced stomatal closure. (A) eCO2-induced stomatal closure is inhibited by
ROS inhibitors DPI and SHAM. Representative images showing guard cells of WT: after 2.5 h light-incubation, epidermal peels of WT plants were treated with
800 ppm CO2 for another 2.5 h before photos taken. 20 µM DPI or 2 mM SHAM added before CO2 treatment for 30 min. Scale bar, 5 µm. (B) Quantitative stomatal
aperture from (A). (C) Representative images showing H2DCF-DA fluorescence of WT guard cells under control (CO2-free air) and elevated (800 ppm) CO2 with or
without ROS inhibitors DPI or SHAM treatment. Scale bar, 5 µm. (D) Quantitative ROS production from (C). eCO2 stimulates an increase of H2DCF-DA fluorescence
in guard cells that is blocked in the presence of DPI/SHAM. (E) eCO2-induced stomatal closure is disrupted in prx33-3, prx34-2, and rbohDrbohF mutants.
(F) eCO2-induced ROS production in guard cells is compromised in prx33-3, prx34-2, and rbohDrbohF mutants during stomatal closure. In (B) (n = 120), (D)
(n = 50), (E) (n = 80), and (F) (n = 60), values are means ± s.e. All experiments were repeated at least three times. Different letters represent statistically significant
differences at P < 0.05 based on a Tukey’s test.

after 1 h dark treatment. Light-induced stomatal opening
in sid2-2 and npr3npr4 was similar to WT while apertures
of npr1-1 were consistently larger than WT (Figure 4A).
When treated with eCO2, the reduction in stomatal aperture
of either sid2-2 (48%) or npr3npr4 (43%) was similar to
that of WT (47%), indicating that eCO2-inhibited stomatal
opening was not compromised in sid2-2 and npr3npr4, but

partially impaired in npr1-1 (31% reduction) (Figure 4A). Based
on these results we conclude that SA biosynthesis and SA
signaling play no significant role in eCO2-inhibited light-induced
stomatal opening.

We next examined the involvement of ABA and JA signaling
which has been reported to be essential for eCO2-induced
stomatal closure (Chater et al., 2015; Geng et al., 2016; Hsu
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FIGURE 2 | The inhibition of light-induced stomatal opening by eCO2 requires ROS generation. (A) eCO2-inhibited stomatal opening is compromised by treatment
with Tiron. Stomatal apertures were measured on light-incubated epidermal peels treated with CO2-free (mock) or 800 ppm CO2 (elevated CO2) for 3 h. DPI, SHAM,
and Tiron added before light treatment for 30 min. (B) eCO2 stimulates an increase of H2DCF-DA fluorescence in guard cells that is blocked in the presence of DPI
and Tiron. (C) eCO2-inhibited stomatal opening in prx33-3, prx34-2, and rbohDrbohF mutants is similar to WT. Stomatal apertures were measured on illuminated
epidermal peels treated with CO2-free (mock) or 800 ppm CO2 (elevated CO2) for 3 h. Dark represents 1 h dark-adapted stomata incubated in the 10 mM
MES/KOH (pH 6.20) buffer. (D) eCO2 stimulates an increase in guard cells of H2DCF-DA fluorescence in WT as well as in prx33-3, prx34-2, and rbohDrbohF
mutants. Mean fluorescence intensity was measured on light-incubated epidermal peels treated with CO2-free (mock) or 800 ppm CO2 (elevated CO2) for 3 h. In (A)
(n = 120), (B) (n = 60), (C) (n = 120), and (D) (n = 60), values are mean ± s.e. All experiments were repeated at least three times. Different letters represent
statistically significant differences at P < 0.05 based on a Tukey’s test.

et al., 2018) in eCO2-inhibited stomatal opening. First we
verified that JA pathway deficient mutants coi1-1 and jar1-1 are
insensitive to eCO2-induced stomatal closure (Supplementary
Figure S4). These data confirmed the results of Geng et al.
(2016). myc2-2, a loss-of-function mutant line of MYC2, which
is a master regulator of JA signaling, and jar1-1, behaved
similarly to WT (47, 49, 50% reduction of stomatal aperture,
respectively) in eCO2-inhibited light-induced stomatal opening
(Figure 4B). Likewise, both the quadruple ABA receptor mutant
pyr1pyl1pyl2pyl4 (ABA1124) and ost1-3 exhibited wild type
(44, 49, 44% reduction of stomatal aperture, respectively)
responses to eCO2-inhibited stomatal opening (Figure 4C).
Taken together, it appears that ABA and JA signaling pathway
are not directly involved in eCO2-inhibited light-induced
stomatal opening.

DISCUSSION

Different Sources of ROS Play Different
Roles in eCO2-Induced Stomatal
Movement
An increase in guard cell ROS, including H2O2 in response to
diverse stimuli is one of the first measurable events in stomatal
movements. H2O2 production mainly depends on two types
of enzymes in guard cells, one is NADPH oxidases and the
other is cell wall peroxidases (Murata et al., 2015). Similar to
the bacterial pathogen-associated molecular patterns (PAMPs),
flagellin (flg22) that induces stomatal closure, eCO2-induced
stomatal closure requires both NADPH oxidases- and cell wall
peroxidases-generated ROS (Figure 1; O’Brien et al., 2012b).

Frontiers in Plant Science | www.frontiersin.org 6 May 2020 | Volume 11 | Article 54262

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00542 May 7, 2020 Time: 17:45 # 7

He et al. ROS Define Stomatal CO2 Responses

FIGURE 3 | eCO2-induced stomatal closure requires SA and SA signaling. (A) eCO2-induced stomatal closure is corrupted in sid2-2 mutants. (B) eCO2-induced
stomatal closure is disrupted in npr1-1 and npr3npr4 mutants. (C) Representative images showing H2DCF-DA fluorescence of WT, sid2-2 and npr1-1 mutants
guard cells under control (CO2-free air) and elevated (800 ppm) CO2. Scale bar, 5 µm. (D) eCO2 stimulates an increase of H2DCF-DA fluorescence in WT guard
cells, but is blocked in sid2-2 and npr1-1 mutants. Mean fluorescence intensity was measured on 2.5 h light-preincubated epidermal peels, treated with 800 ppm
CO2 for another 2.5 h. Stomatal apertures in (A,B) were measured on 2.5 h light-preincubated epidermal peels, treated with 800 ppm CO2 for another 2.5 h. In
(A) (n = 120), (B) (n = 120), and (D) (n = 60), values are mean ± s.e. All experiments were repeated at least three times. Different letters represent statistically
significant differences at P < 0.05 based on a Tukey’s test.

Intriguingly, when we analyzed RBOHD, RBOHF, PRX33, and
PRX34 expression levels in rbohDrbohF, prx33, and prx34
mutant plants, we found that loss of function of any individual
gene had no detectable effects on the expression of the other
genes (Supplementary Figure S5). In addition, the disruption
of one gene is not compensated by other functional ROS
generation related genes, indicating there is no feedback and/or
counterbalancing regulations among the expressions of NADPH
oxidases and cell wall peroxidases. This is consistent with
the observation that the cytokinin analog trans-zeatin induces
stomatal closure and ROS accumulation in guard cells involving
the apoplastic PRXs PRX4, PRX33, PRX34, and PRX71, but
not the NADPH oxidases RbohD and RbohF (Arnaud et al.,
2017). Thus, it is highly possible that NADPH oxidases and
cell wall peroxidases function independently to generate ROS
during eCO2-/PAMP-induced stomatal closure. More dedicated

experiments including the evaluation of the possible additive
effects on ROS production between prx33/34 and rbohD/F
mutants will be needed to further assess this interpretation.
Notably, it has been quantitatively determined that peroxidases
are responsible for half of the ROS produced in response
to PAMPs, while the other half is produced by NADPH
oxidases and/or mitochondrial and chloroplastic ROS sources
(O’Brien et al., 2012b).

In contrast to eCO2-induced stomatal closure, eCO2-inhibited
stomatal opening was only partially blocked by DPI treatment
but not by SHAM. These results are in line with the insights we
got from working with BIG (Supplementary Figure S1), namely,
that guard cells employ different mechanisms to discriminate the
types and strength of ROS signals in order to, presumably, finely
tune stomatal movements in response to eCO2. Interestingly, a
recent paper reported that neither DPI nor SHAM reduced the
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FIGURE 4 | SA, JA, and ABA are not required for the inhibition of
light-stimulated stomatal opening by eCO2. (A) eCO2-inhibited stomatal

(Continued)

FIGURE 4 | opening in sid2-2, npr1-1, and npr3npr4 mutants is similar to WT.
(B) eCO2-inhibited stomatal opening in jar1-1 and myc2-2 mutants is similar
to WT. (C) eCO2-inhibited stomatal opening in pyr1pyl1pyl2pyl4 (ABA1124)
and ost1-3 mutants is similar to WT. Stomatal apertures were measured on
light-incubated epidermal peels treated with CO2-free (mock) or 800 ppm
CO2 (elevated CO2) for 3 h. Dark represents 1 h dark-adapted stomata
incubated in the 10 mM MES/KOH (pH 6.20) buffer. In (A–C) (n = 120), the
shown result is a representative of three independent biological experiments,
values are mean ± s.e. Different letters represent statistically significant
differences at P < 0.05 based on a Tukey’s test.

high level of ROS in the atg2 mutant, which is compromised
in light- and low CO2-induced stomatal opening (Yamauchi
et al., 2019). While both eCO2-inhibited stomatal opening and
ROS accumulation could be entirely abrogated by Tiron, the
inhibition of stomatal opening by eCO2 remains functional in
the rbohDrbohF double mutant (Figure 2). This suggests that
other ROS sources, which are inhibited by Tiron but not by
DPI function in eCO2-inhibited light-induced stomatal opening.
Nitric oxide (NO) which plays a role in stomatal movement
(Neill et al., 2003; Laxalt et al., 2016) has been identified to
be required for eCO2-induced stomatal closure in tomato (Shi
et al., 2015). Evidently, NO production might also contribute to
eCO2-triggered stomatal movement in Arabidopsis. In addition
to NADPH oxidases and cell wall peroxidases, the polyamine
oxidases (PAOs) catalyze catabolism of spermidine and spermine
with concomitant production of H2O2 (Pottosin et al., 2014;
Sierla et al., 2016). An inhibitor of PAOs interferes with ABA-
induced stomatal closure in French bean and ethylene-induced
stomatal closure in Arabidopsis (An et al., 2008; Hou et al., 2013).
Whether and how PAOs contribute to the ROS accumulations
that drive eCO2-reguated stomatal movement remains to be
investigated. Another possibility is that other members of the
NADPH oxidase family function in guard cell signaling in
response to eCO2. In Arabidopsis, there are 10 members of the
RBOH family. When the spatiotemporal expression profile of
all RBOH members is examined using ePlant2, it is apparent
that, in addition to RBOHD and RBOHF, RBOHC is highly
expressed in guard cells (Supplementary Figure S6), suggesting a
regulatory role of RBOHC in stomatal function. This suggestion
is supported by work from Wei et al. (2018) who provided
evidence that the activity of RBOHC is required for melatonin-
induced stomatal closure and ROS production. It will be
interesting to investigate whether RBOHC is involved in eCO2-
induced stomatal movement.

Apoplastic ROS are known to regulate stomatal movement,
however they are sensed and transduced is not well understood.
One possibility is that apoplastic ROS are sensed by yet
to be characterized extracellular sensors and subsequently
transduced by unknown intracellular pathways (Sierla et al.,
2016). Alternatively, apoplastic ROS such as H2O2 can be
transported into the cytoplasm via aquaporins (Tian et al., 2016),
as exemplified by the aquaporin PIP2;1 which is required for ABA
and flg22-induced H2O2 accumulation in guard cells (Rodrigues
et al., 2017). Moreover, ROS can directly modify the activity

2http://bar.utoronto.ca/eplant/
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FIGURE 5 | Schematic diagram of ROS accumulation and stomatal
movement in response to eCO2 in Arabidopsis. In terms of cell wall
peroxidases and NADPH oxidases it appears both of which function in
eCO2-induced stomatal closure. SA signaling is required for eCO2-regulated
stomatal closure, while eCO2-inhibited stomatal opening may only depend on
NADPH oxidases mediated ROS generation. Black lines signify induced
stomatal closure and red lines signify inhibited stomatal opening. Solid lines
indicate verified interactions; dashed lines indicate hypothetical interactions.

of ion channels leading to stomatal closure (Pei et al., 2000).
Equally possible, however, is that ROS function through parallel
mechanisms to promote CO2 signaling in guard cells.

Plant Hormone Signals Differentially
Mediate eCO2-Regulated Stomatal
Movement
Changes in SA concentration after pathogen infection affect the
redox state of the cell and bring about a conformational switch
of NPR1 (Cao et al., 1994) and thereby activate PR genes (Chen
et al., 1993; Vanacker et al., 2000; Noctor et al., 2002; Mou
et al., 2003). eCO2 can induce SA production and activate SA
signaling in many plant species (Matros et al., 2006; Casteel
et al., 2012; Huang et al., 2012; Zhang et al., 2015; Mhamdi
and Noctor, 2016; Williams et al., 2018). Our observation that
eCO2-induced stomatal closure requires endogenous SA and
SA-signaling components supports a proposed link between
SA and CO2 signaling in guard cells response (Medina-Puche
et al., 2017). This is in line with several reports that SABP3
(SA-binding protein 3), a chloroplast carbonic anhydrase (CA),
which exhibits both CA enzymatic and SA-binding activities is
indispensable to SA-mediated defense response in tomato as well
as in Arabidopsis (Slaymaker et al., 2002; Wang et al., 2009).
Also, NPR1 and NRB4 (Non-recognition of BTH 4, another SA
signaling component) interact with βCA1 (Medina-Puche et al.,
2017). In addition, it is known that the βca1βca4 double mutant
compromises CO2 sensing (Hu et al., 2010). These, together with
the fact that the quintuple mutant βca1βca2βca3βca4βca6 shows
reduced sensitivity to SA, suggest that CAs likely function in
modulating the perception of SA in plants (Medina-Puche et al.,
2017). Although NPR1 and NPR3/NPR4 play opposite roles in
transcriptional regulation, they all function in a SA-dependent
manner for plant immune responses as NPR1, NPR3, and NPR4
are SA-binding proteins (Ding et al., 2018). Nevertheless, both
npr1-1 and npr3npr4 are insensitive to eCO2-induced stomatal

closure (Figure 3), in line with the finding that the double mutant
npr3npr4 is defective in systemic acquired resistance (SAR) (Fu
et al., 2012), suggesting disruption in different aspects of SA
signaling components might consequently affect eCO2-induced
stomatal closure. Interestingly, eCO2-inhibited stomatal opening
was partially compromised only in npr1-1 but not in sid2-2 or
npr3npr4 (Figure 4A). It is assumed that selective SA-binding to
NPR1 and NPR3/NPR4 could differentially affect eCO2-inhibited
stomatal opening. Alternatively, SA-independent NPR1 function
in ER (endoplasmic reticulum) stress has been reported recently
(Lai et al., 2018), thus NPR1 might function in a SA-independent
manner during eCO2-inhibited stomatal opening. PRX33 and
PRX34 play a significant role in SA-mediated stomatal closure
(Arnaud et al., 2017). Our observation that SA signaling pathway
functions in eCO2-induced stomatal closure rather than in eCO2-
inhibited stomatal opening (Figures 3, 4), is in accordance with
that cell wall peroxidases differentially mediate eCO2-regulated
stomatal movement (Figures 1, 2), implicating that SA regulates
eCO2 inhibition of stomatal closure via the activities of the
peroxidases, which needs to be assessed in more details in the
future, for example, by examining the expression changes of
PRX33 and PRX34 in response to eCO2 in the SA mutants using
RBOHD and RBOHF as experimental controls.

Multiple lines of evidence support a requirement of ABA
for perceiving CO2 concentration changes by stomata (Raschke,
1975; Webb and Hetherington, 1997; Merilo et al., 2013; Chater
et al., 2015; Hsu et al., 2018). Recently, Dittrich et al. (2019)
have further demonstrated that ABA receptors PYL4 and PYL5
are key to CO2-induced stomatal closure. JA and SA signaling
pathways are often mutually antagonistic, which can be induced
simultaneously under eCO2 and intracellular oxidative stresses
(Han et al., 2013a,b; Mhamdi and Noctor, 2016; Williams et al.,
2018). The present study shows that both SA and JA are
required for mediating stomatal closure by eCO2 (Figure 3 and
Supplementary Figures S5), in line with the emerging evidences
that SA, JA, ABA and ROS signaling are important in linking
CO2 availability, stomatal function and the activation of plant
defense responses (Li et al., 2014; Geng et al., 2016; Mhamdi
and Noctor, 2016; Zhou et al., 2017; Williams et al., 2018). To
further substantiate these findings, the contents of SA, JA and
ABA need to be monitored in the future experiments. However,
there is no evidence that eCO2 brings about an elevation of ABA
(Chater et al., 2015; Hsu et al., 2018). ABA and JA can induce
ROS accumulation in guard cells via the activities of RBOHD
and RBOHF, whereas SA regulates ROS homeostasis via the
peroxidases-catalyzed reactions (Murata et al., 2015). ABA, JA
and SA are known to be required for eCO2-induced stomatal
closure. However, our data indicate that none of these three
hormones plays major roles in eCO2-inhibited stomatal opening,
a process that is dependent on ROS generation, reflecting a
similar mechanism in O3-induced ROS stress responses which
are independent on SA, JA and ethylene signals (Xu et al., 2015).

In this study, by investigating ROS accumulation and
stomatal movement in response to eCO2, we demonstrated that
both cell wall peroxidases and NADPH oxidases are required
for ROS production during eCO2-mediated stomatal closure,
whereas eCO2-inhibited stomatal opening might be dependent
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on NADPH oxidases but not on cell wall peroxidases (Figure 5).
The data presented here indicate that eCO2-inhibited light-
stimulated stomatal opening requires ROS. However, our data
suggest that distinct sources of ROS other than NADPH oxidases
and PRXs play vital roles in stomatal opening inhibition by eCO2.
Furthermore, we show that as with JA and ABA, SA signals are
required for eCO2-induced stomatal closure and ROS generation.
None of these three hormones has a significant role in eCO2-
inhibited stomatal opening. Taken together, these results suggest
that ROS from distinct sources and various plant hormones
differentially regulate eCO2-induced stomatal movement.
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FIGURE S1 | ROS accumulation is disrupted in the big mutant during stomatal
closure induced by eCO2. (A) eCO2-induced ROS production during
eCO2-induced stomatal closure is reduced in comparison to WT. Mean
H2DCF-DA fluorescence intensity was measured on 2.5 h light-preincubated
epidermal peels, treated with CO2-free (mock) or 800 ppm CO2 (elevated CO2) for
another 2.5 h. (B) In the inhibition of light-stimulated stomatal opening by eCO2,

ROS production in WT and big mutants is identical. Mean H2DCF-DA
fluorescence intensity was measured on light-incubated epidermal peels treated
with CO2-free (mock) or 800 ppm CO2 (elevated CO2) for 3 h. In (A,B) (n = 60),
values are means ± s.e. All experiments were repeated at least three times.
Different letters indicate significant differences at P < 0.05 based on a Tukey’s
test.

FIGURE S2 | ROS generation related genes transcription levels are induced by
eCO2. (A–F) four-week old intact leaves were treated with or without eCO2 for
3 h, the transcription levels of PRX33 (A), PRX34 (B), RBOHD (C), and RBOHF
(D) genes were determined by quantitative RT-PCR and normalized to Actin3,
OST1 (E) and SLAC1 (F) were used as positive controls. In (A–F), the shown
result is a representative of three independent biological experiments, values are
mean ± s.e. Means with different letters represent statistically significant
differences at P < 0.05 based on a Tukey’s test.

FIGURE S3 | eCO2-induced ROS accumulation requires SA signaling. eCO2

stimulates an increase H2DCFDA fluorescence in WT guard cells, but is blocked in
npr3npr4 mutants. Mean fluorescence intensity was measured on 2.5 h
light-preincubated epidermal peels, treated with 800 ppm CO2 for another 2.5 h.
Values are mean ± s.e. (n = 50). All experiments were repeated at least three
times. Different letters represent statistically significant differences at P < 0.05
based on a Tukey’s test.

FIGURE S4 | eCO2-induced stomatal closure requires JA signaling.
(A) eCO2-induced stomatal closure is disrupted in coi1-1 mutants. (B)
eCO2-induced stomatal closure is disrupted in jar1-1 mutants. Stomatal apertures
in (A,B) were measured on 2.5 h light-preincubated epidermal peels, treated with
800 ppm CO2 for another 2.5 h. In (A,B), the shown result is a representative of
three independent biological experiments, values are mean ± s.e. (n = 120).
Different letters represent statistically significant differences at P < 0.05 based
on a Tukey’s test.

FIGURE S5 | The expression of PRXs and RBOH gene are not affected in ROS
mutants. Four-week old leaves were used to extract mRNA. The quantitative
RT-PCR (A–D) and RT-PCR (E) analysis of PRX33, PRX34, RBOHD, and RBOHF
transcription in leaves of 5-week-old WT, prx33-3, prx34-2, and rbohDrbohF
mutants. For quantitative RT-PCR, the transcription levels normalized to Actin3; for
RT-PCR, EF1a was used as a control for cDNA quantity. In (A–D), the shown
result is a representative of three independent biological experiments, values are
mean ± s.e. Different letters represent statistically significant differences at
P < 0.05 based on a Tukey’s test.

FIGURE S6 | Expression of RBOHs genes in leaves and guard cells after
treatment with ABA. Heat map showing levels of expression of AtRBOHA-
AtRBOHJ genes (log2 intensity) in guard cells (1–6) and leaves (7–10) according to
ePlant (http://bar.utoronto.ca/eplant/). 1 represents the mock test, 2 is treated
with 50 µM ABA for 20 h (reference to Böhmer and Schroeder, 2011), 3 and 7
represent mock tests, 4 and 7 are treated with 100 µM ABA for 4 h (reference to
Yang et al., 2008), 5 and 9 represent mock tests, 6 and 10 are treated with 50 µM
ABA for 3 h (reference to Pandey et al., 2010).

TABLE S1 | Mutants used in this study.

TABLE S2 | Primers used in this study.
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A better understanding of plant stomatal strategies holds strong promise for improving
predictions of vegetation responses to drought because stomata are the primary
mechanism through which plants mitigate water stress. It has been assumed that plants
regulate stomata to maintain a constant marginal water use efficiency and forego carbon
gain when water is scarce. However, recent hypotheses pose that plants maximize
carbon assimilation while also accounting for the risk of hydraulic damage via cavitation
and hydraulic failure. This “gain-risk” framework incorporates competition in stomatal
regulation because it takes into account that neighboring plants can “steal” unused
water. This study utilizes stomatal models representing both the water use efficiency
and carbon-maximization frameworks, and empirical data from three species in a potted
growth chamber experiment, to investigate the effects of drought and competition
on seedling stomatal strategy. We found that drought and competition responses in
the empirical data were best explained by the carbon-maximization hypothesis and
that both drought and competition affected stomatal strategy. Interestingly, stomatal
responses differed substantially by species, with seedlings employing a riskier strategy
when planted with a high water use competitor, and seedlings employing a more
conservative strategy when planted with a low water use competitor. Lower water users
in general had less stomatal sensitivity to decreasing 9L compared to moderate to high
water users. Repeated water stress also resulted in legacy effects on plant stomatal
behavior, increasing stomatal sensitivity (i.e., conservative behavior) even when the
seedling was returned to well-watered conditions. These results indicate that stomatal
strategies are dynamic and change with climate and competition stressors. Therefore,
incorporating mechanisms that allow for stomatal behavioral changes in response to
water limitation may be an important step to improving carbon cycle projections in
coupled climate-Earth system models.

Keywords: plant hydraulics, drought, competition, stomatal optimization, water stress

INTRODUCTION

Stomata are small pores on plant leaves that control the rate at which carbon is gained and
water is lost. Stomata are the primary mechanism through which plants can mitigate water stress
(Jones and Sutherland, 1991) and often respond first to changes in environmental conditions
and hormone signaling (Schroeder et al., 2001) by opening or closing on short timescales
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(i.e., minutes) to regulate stomatal conductance and gas exchange
rates. Many studies have investigated the sensitivity of stomatal
conductance to environmental drivers including soil moisture
(Ali et al., 1998) and humidity (Aasamaa and Sober, 2010) as
well as physiological metrics that are indicative of changes in
environmental stimuli including drought-induced changes in
leaf abscisic acid concentrations (a stress hormone in leaves;
Bahrun et al., 2002) and leaf water potential (9L; Lawlor and
Tezara, 2009). While substantial progress has been made in
understanding the physiology underlying stomatal regulation, we
currently lack a fully mechanistic understanding. Thus, optimal
stomatal behavior theories, where stomata aim to maximize
fitness, hold substantial promise for mechanistically predicting
stomatal behavior (Cowan and Farquhar, 1977; Katul et al.,
2009; Medlyn et al., 2011; Wolf et al., 2016). The stomatal
models based on optimal behavior theory are built on the critical
trade-off between carbon uptake and water loss, particularly
during unfavorable environmental conditions, and can inform
predictions of plant productivity and survival under potential
novel future climate conditions.

The literature related to optimal stomatal behavior theories is
extremely rich, and largely began with seminal work by Cowan
and Farquhar (1977) which has been subsequently extended to
many environmental conditions and species (Katul et al., 2009;
Manzoni et al., 2011; Medlyn et al., 2011; Lin et al., 2015;
Buckley, 2017). The Cowan and Farquhar theory was developed
using the assumption that plants maximize photosynthesis (AN)
over time while limiting transpiration (E). “Optimal” stomatal
behavior occurs when δAN/δE (the marginal water use efficiency)
is equal to a constant λ (or 1/λ in some formulations) (Cowan
and Farquhar, 1977; Buckley, 2017). Under this water use
efficiency (WUE) hypothesis, plants adjust stomatal conductance
to maintain a constant δAN/δE ratio over a given period of time,
which is often not specified but has been studied with timeframes
spanning from a day to multiple seasons in the literature
(Manzoni et al., 2013; Novick et al., 2016; Anderegg et al., 2018).
This theory, however, does not account for competition between
plants for a shared water supply, which is a critical component
of terrestrial ecosystem dynamics given widespread root system
overlap (Casper and Jackson, 1997).

More recent studies have proposed and employed a “gain-risk”
carbon maximization (CM) hypothesis that optimizes stomatal
conductance based on photosynthetic gain versus the cost or
risks to the hydraulic continuum associated with decreases in
9L (Prentice et al., 2014; Wolf et al., 2016; Sperry et al.,
2017; Anderegg et al., 2018; Eller et al., 2018; Venturas et al.,
2018). The carbon maximization hypothesis uses a game theory
approach where plants are under selective pressure to prevent
both short- and long-term consequences associated with water
limitation, namely the risk of hydraulic damage via cavitation
and hydraulic failure associated with low 9L, to simulate the
effects of competition (Wolf et al., 2016). Under the CM
hypothesis, optimal stomatal behavior aims to maximize AN
while minimizing a hydraulic cost/risk term [defined here as
θ(9L)], at a given 9L and set of environmental conditions.
With this model, hydraulic cost or risk to the plant increases
with declining 9L. The steepness of this cost function indicates

FIGURE 1 | Schematic of hydraulic cost/risk function (θ, unitless) as a function
of leaf water potential (9L, MPa). One strategy is a riskier “spender” strategy
(lower β1 or slope value, shallower cost function) with stomata closing at a
more negative 9L. The other strategy is a more conservative “saver” strategy
(higher β1 or slope value, steeper cost function) with stomata closing faster as
9L declines.

different plant physiological strategies for dealing with water
stress. Plants with cost functions with steeper slopes follow a
“water saver” strategy, and close stomata earlier as 9L declines
(Figure 1). Plants employing a “water spender” strategy tend to
keep stomata open longer because their cost increases at a slower
rate with more negative 9 (Figure 1).

Stomatal behavior, in response to environmental and
competitive cues, is modulated by a suite of physiological traits
that regulate response to abiotic stress and avoid mortality
while competing with neighbors for scarce resources (Piutti
and Cescatti, 1997; Bottero et al., 2017). On short to moderate
timescales (days to months), plant hydraulic and photosynthetic
traits can plastically respond to the environment and buffer
plant water stress during drought and competition (Callaway
et al., 2003; Bartlett et al., 2014). These traits include the water
potential at which cells lose turgor (turgor loss point, 9TLP),
leaf photosynthetic rate (expressed as the maximum rate of
carboxylation, Vcmax), and hydraulic conductivity of different
plant tissues (K). In addition, plants balance competitive
capacity with the risk of hydraulic damage to xylem tissue,
which can result in a long-term reduction in photosynthesis
(Anderegg et al., 2014; Mackay et al., 2015; Trugman et al.,
2018). Indeed, damage to water transport tissue is one major
mechanism through which reduced photosynthetic capacity
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(Resco et al., 2009) or even plant death (Allen et al., 2010; Phillips
et al., 2010; Anderegg et al., 2015) can occur. Thus, untangling
the mechanisms underlying how plants mediate hydraulic risk in
balance with carbon gain is critical for predicting tree survival
and productivity.

Moving forward, critical questions remain about the efficacy
of different optimization hypotheses (CM vs. WUE) and whether
stomatal strategy is an inherent and constrained trait with little
plasticity or whether plants behavior changes with environmental
conditions and competitive environment. While several studies
have investigated optimized stomatal behavior in response to
drought alone (Sperry and Love, 2015; Anderegg et al., 2018;
Lu et al., 2019), our understanding of this behavior in response
to the complex interactions between drought and competition
is limited. Therefore, we ask: (1) Do stomatal responses to
environmental variation support the WUE or CM stomatal
theory; (2) Does competition affect the sensitivity of stomatal
closure to 9L (i.e., cost function steepness); (3) Do plants
change their stomatal behavior following drought; and (4) Is
stomatal behavior explained by concomitant changes in other
hydraulic metrics? Critically, answers to these questions will
significantly advance our understanding of stomatal behavior
because our experiment allows us to directly examine the effects
of competition on stomatal strategy.

MATERIALS AND METHODS

Study Design
We conducted a growth chamber experiment in which Populus
tremuloides, Populus angustifolia, and Pinus ponderosa (referred
to hereafter as aspen, cottonwood, and pine, respectively)
seedlings were planted with a competitor or alone and
subsequently subject to multiple periods of water stress. We
describe the design and measurements briefly here, full details
are in Kerr et al. (unpublished). We chose these species because
they co-exist in natural stands where competition is likely to
occur, and they employ a spectrum of water use strategies
ranging from high/profligate water users (cottonwoods), to
intermediate (aspen), and low/conservative (pine) (Anderegg and
HilleRisLambers, 2016). Each seedling was either grown alone
in an 18-l square pot with 15 l of soil or in competition with
another seedling in a 36-l rectangular (i.e., two 18 L square pots
connected together) pot with 30 l of soil with another seedling to
maintain the same amount of relative resources (Supplementary
Figure S1). There were six replicates of the following planting
groups: aspen grown alone (A), cottonwood grown alone (C),
pine grown alone (P), aspen competing with another aspen
(AxA), aspen competing with cottonwood (AxC), and aspen
competing with pine (AxP) (Supplementary Figure S2). As one
of the most widespread tree species in North America, aspen is
important across a vast diversity of ecosystems. However, it has
been found to be sensitive to drought and susceptible to drought-
induced mortality (Anderegg et al., 2012; Worrall et al., 2013).
Therefore, in order to accommodate space constraints of the
growth chamber, we chose aspen to be our focal species when
designing the study.

The baseline conditions in the growth chamber were set to
25◦C temperature, 75% relative humidity, 1150 µmol m−2 s−1

photosynthetic photon flux density, and 400 ppm ambient
carbon dioxide (CO2). Photoperiod for the growth chamber
was set to closely match that of the greenhouse, where the
seedlings were initially grown, with lights on from 6:00 to
19:15 using EYE HORTILUX ceramic metal halide 315 W
grow lamp lights. During the predrought treatment period, we
weighed a subset of pots and calculated a baseline average
water volume to be given daily. Then we imposed three
water limitation treatments sequentially – a low soil moisture
treatment, an elevated vapor pressure deficit (VPD) treatment,
and a combination of both simultaneously – on the seedlings.
We took gas exchange and hydraulic measurements during
the control predrought period, each treatment period, and a
subsequent a post treatment recovery period. Each drought
treatment lasted 5 days and seedlings were allowed to recover
for 3 days in between treatments by returning to both baseline
watering and growth chamber conditions. During the soil
drought, we gave seedlings 50% of the water they were receiving
during the predrought baseline period. During the elevated VPD
treatment, watering was returned to the predrought water regime,
and relative humidity was reduced from ∼75% to ∼45%. For
the combination drought, reduced watering to 25% of their
daily water and reduced relative humidity to 45% to impose
the most significant water stress (Supplementary Table S1).
Post drought treatments, the seedlings were returned to the
predrought (control) conditions for 3 days.

We then fitted the WUE and CM optimization models to
observed stomatal conductance measurements and compared
the best fits to determine which hypothesis more skillfully
predicted observed stomatal responses. Next, we evaluated how
the hydraulic risk function related to competition treatment,
water stress, and plant traits. The performance of the WUE
and CM models, and how the hydraulic cost/risk function
varied, provides insight into species’ stomatal strategies and their
dynamics. We describe the modeling approach in detail below.

Modeling Photosynthesis, Water
Transport and Stomatal Conductance
We fitted our data with a stomatal optimization model that
uses well-established equations for modeling photosynthesis,
hydraulic conductivity, and water transport and can use either
λ (i.e., the WUE theory) or θ(9L) (i.e., the CM theory) for the
optimality criterion (Anderegg et al., 2018). The core components
of the model are as follows. For photosynthesis, Farquhar et al.
(1980) (eqn. 1) was used to model net carbon assimilation (AN)
as the smallest of two limiting factors; rubisco limitation (wc) and
light limitation (wj).

AN = min(wc,wj)− Rd (1)

where Rd is the rate of dark respiration. The relationship between
carbon assimilation and stomatal conductance was calculated
using Equation 2, based on Fick’s Law,

AN =
gS(Ca − Ci)

1.6
(2)
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where, gs is stomatal conductance, Ca is the atmospheric
concentration of CO2, Ci is the internal concentration of CO2
inside the leaf, and 1.6 accounts for the difference in diffusion
rates of water vapor and CO2.

Transpiration is represented by Equation 3,

E = gS(eS − ea) (3)

where es is the saturated vapor pressure inside the leaf and ea is
the actual vapor pressure of the air.

Steady-state transpiration is modeled by Equation 4,

E =
∫ ψS

ψL
K(ψ)dψ (4)

where 9S is soil water potential, and K(9) is the xylem
conductance function. Conductance is calculated by Equation 5

K(ψL) = Kmax ∗ exp(−( P
−B )C) (5)

where C and B Weibull curve parameters were estimated from
the stem vulnerability curves (see physiological measurements
below) using a bootstrapping method (Hacke et al., 2015), P is
leaf water potential, and Kmax is the whole plant maximum xylem
conductance. In our modeling framework, Kmax was unknown,
thus we estimated Kmax assuming that plants want to maximize
productivity without compromising the hydraulic system. Thus,
calculated to maximize the difference between measured predawn
and calculated midday 9L while not exceeding the median water
potential where 50% of maximum hydraulic conductivity is lost
(P50), and satisfy the remaining equations (Eqn. 1–5) according
to the methods in Anderegg et al. (2018). For the aspen grown
alone and cottonwood grown with a competitor planting groups,
in order to provide solutions for the remaining equations with
viable priors for β1 and λ, the estimated Kmax resulted in a midday
9L that exceeded P50 with 9L = −3.00 MPa (P50 = −2.69 MPa)
and 9L =−1.35 MPa (P50 =−1.31 MPa), respectively.

Modeling Plant Response to Water
Stress
To understand how plants balance carbon gain versus risk/cost
during water stress, we used an optimality equation that relies
on measurements of stomatal conductance to estimate a “shadow
cost” (or risk to future plant performance) function for both
the WUE and CM theory. As described in Wolf et al. (2016)
the marginal xylem tension efficiency (MXTE) is the amount of
carbon gain a plant is willing to forgo to prevent a decrease in
9L. Importantly, the MXTE differs between the WUE and CM
optimality theories as shown by Equations 6 and 7:

MXTEWUE = λ
δE
δψL

(6)

and

MXTECM =
δθ

δψL
(7)

where λ is the constant marginal water use efficiency, E is
transpiration, θ is the cost/risk term.

We linearized the derivative of the cost function such that
δθ

δψL
= β1ψL + β0 (8)

where β1 and β0 are parameters fitted using observational
stomatal conductance measurements. The linearized form of the
derivative is advantageous in that it (i) distinguishes between
the increasing versus decreasing responses of δθ/δ9 to decreases
in 9L in the CM and WUE hypotheses, respectively, and (ii)
minimizes unconstrained parameters. This linear marginal cost
function implies a parabolic form of the cost/risk function with
declining water potential (Anderegg et al., 2018):

θ(ψL) =
β1

2
ψ2
L + β0ψL + c (9)

where c is the intercept of the cost function, which is not solved
for because the derivative gives the necessary information to
quantify stomatal strategies.

Parameter Estimation
A Markov-Chain Monte Carlo (MCMC) algorithm was used to
calculate the posterior probability density function (PDF) of β1
or λ that provided the best fit between observed and modeled
stomatal conductance for the CM or WUE models, respectively.
MCMCs were run for each of the WUE and CM models for
species type (aspen, cottonwood, and pine) and each planting
group (competition and no competition), for a total of eight
different fitting groups per model. For the CM model, we found
that the best β1 and β0 often covaried, leading to an equifinality
issue (eq. 8). Therefore, we ran a series of MCMCs (∼50) each
using a different fixed value of β0 in order to estimate β1. For
each of the eight fitting groups, we determined the range of initial
β0 values (Table 1) that would allow a solution to the system
of equations with variables in biologically realistic bounds (9L
within [−10,0]) for each planting group using an initial value of
β1 = 0.1. This value was chosen because a positive β1 represents
a marginal increase in cost of damage with decreasing 9L, so
it is physiologically realistic, but is still a relatively uninformed
initial guess . When running the series of MCMCs, our range and
increment of β0 values (Table 1) was chosen because it allowed
us to explore the full parameter space while maintaining a level
of reasonable computational efficiency. Each separate MCMC
was run for 5000 steps for each of the fixed β0. The first 1000
steps were discarded as burn in and we sampled for every tenth
step to account for temporal autocorrelation to represent the
posterior PDF. The mode of the posterior PDF was used as the
estimated β1.

For the WUE model, for each of the eight planting groups,
we ran MCMCs with an initial guess of λ = 0.1. For some fitting
groups, no solution to the system of equations could be found
at small λ values so we gradually increased our initial guess
by increments of 0.1 until a solution could be obtained. When
proposing the next step running the MCMCs, we confine lambda
to the positive parameter space as a negative value would imply
a decrease in cost as 9L becomes more negative. We used linear
models and the Akaike Information Criterion (AIC) score for all
three species to assess model performance and determined that
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TABLE 1 | Range of fixed β0 values used to estimate β1.

Planting group Lowest β0 Highest β0 Sequenced by

Aspen alone (A) −7.9 0.6 0.1

Aspen × aspen (AxA) −10.9 0.6 0.1

Aspen × cottonwood (AxC) −9 0.6 0.1

Aspen × pine (AxP) −12.4 0.4 0.2

Cottonwood alone (C) −8.1 0.3 0.2

Cottonwood × aspen (CxA) −15.7 0.5 0.2

Pine alone (P) −4.6 0.5 0.1

Pine × aspen (PxA) −4.1 0.4 0.1

Values allow the MCMC to be run with a prior start value of β1 = 0.1. Three
planting groups; aspen competing with pines (AxP), cottonwoods grown alone (C),
and cottonwoods competing with aspen (CxA), were sequenced by 0.2 due to
computing power available.

the CM model more skillfully predicted stomatal conductance
compared to the WUE model for all three of our species. Thus,
for subsequent analyses we used only the CM model.

When investigating effects of competition between planting
groups, we performed one fit using all the stomatal conductance

measurements for each planting group taken across the five
treatment periods for the CM only. When looking at effects of
treatment period within a planting group, we performed separate
fits using the subset of stomatal conductance measurements taken
at each treatment period; predrought, soil drought, VPD drought,
combination soil and VPD drought, and post drought recovery.
Because we only calculated Vcmax during the predrought and
post drought recovery periods, we used the predrought measured
Vcmax values for the predrought and three drought periods and
the post drought measured Vcmax for the post drought recovery
treatment period (Kerr et al., unpublished).

Physiological Measurements
At each treatment period, we took gas exchange measurements
using a Li-6400 open gas exchange system with a red-blue light
source and conditions set to maintain 25◦C leaf temperature,
1200 µmol m−2 s−1 photosynthetic photon flux density,
400 ppm ambient CO2, and relative humidity matching that of
the growth chamber for the current treatment period. Predawn
leaf water potential (9PD) was measured for each seedling
using a Scholander-type pressure chamber before the growth

FIGURE 2 | The predicted stomatal conductance (gs) versus observed stomatal conductance (mol s-1 m-2). Upper panel values were calculated using the water use
efficiency model for each species; Populus tremuloides (A), Populus angustifolia (B), and Pinus ponderosa (C). The bottom panels were calculated using the carbon
maximization model for each species (D–F, respectively). β0 and best fit β1 were estimated for each planting group and plotted together for predictive power per
species. Black lines represent the 1:1 line, red lines are the best fit for linear regression and adjusted R2 and root mean square error (RMSE) values are reported.
Yellow indicates a higher density of points while purple represents a lower density.
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FIGURE 3 | Cost functions (θ) between planting groups within a species plotted against leaf water potential (9L, MPa). Each curve is produced using the best fit β1

value and the corresponding fixed β0. Best fit β1 values are reported for each planting group. Panels are separated by species; Populus tremuloides (A), Populus
angustifolia (B), and Pinus ponderosa (C) and each planting group is represented by a different color. Measured predawn (9PD, solid lines), and modeled midday
(9MD, dashed lines), water potentials plotted under their corresponding species (D–F). Legend key for planting groups: aspen grown alone (A), aspen competing
with aspen (AxA), aspen competing with cottonwoods (AxC), aspen competing with pines (AxP); cottonwoods grown alone (C), cottonwoods competing with aspen
(CxA); pines grown alone (P), and pines competing with aspen (PxA).

chamber lights turned on (between the hours of 0400 and
0600) (Figures 3D–F). Samples for 9PD were removed from the
plant, placed in a sealed plastic bag, and water potential was
measured within 5 min.

In the predrought and post drought periods, we measured
vulnerability curves using the centrifuge method (Alder et al.,
1997) and calculated the water potential at which 50 percent
of the xylem conductivity is lost (P50). Using the standard
flow method, we calculated percent loss of conductivity (PLC)
comparing the native stem conductivity to the maximum
hydraulic conductivity. Vcmax was determined from constructing
A-Ci curves using a Li-6400 open gas exchange system and
settings of 25◦C leaf temperature, 1200 µmol m−2 s−1

photosynthetic photon flux density, 400 ppm ambient CO2, and
relative humidity matching that of the growth chamber. We also
calculated the 9TLP in the predrought and recovery periods using
the pressure-volume method (Tyree and Hammel, 1972) with a
Scholander-type pressure chamber and mass balance to measure
9L and weight as samples periodically dried.

Analyses of Results
To answer our first question, we used the best fit parameters as
determined from our initial MCMC simulations using the eight

planting groups for each the WUE and CM models. Separate
MCMC fits were calculated for each planting group and we used
linear models and the Akaike Information Criterion (AIC) score
to assess relative model performance.

To answer our second and third questions, we performed
non-parametric analyses of longitudinal time series data for
comparisons of β1 values over time (treatment periods),
comparisons of β1 values between planting groups, and the
interaction between time and planting group using R package
(nparLD) (Noguchi et al., 2012) with β0 representing repeated
measures subjects in an ANOVA analysis. ANOVA-type statistics
are reported, and Tukey HSD post hoc pairwise comparisons
were conducted. For hydraulic metrics, we performed linear
regressions for mean predrought and post drought recovery β1
and TLP, PLC, and 9PD for each species.

RESULTS

We found that the CM model more skillfully predicted stomatal
conductance compared to the WUE model for all three of our
species: aspen (R2

WUE = 0.38, R2
CM = 0.46) (Figures 2A,D),

cottonwood (R2
WUE = 0.42, R2

CM = 0.54) (Figures 2B,E),
and pine (R2

WUE = 0.27, R2
CM = 0.35) (Figures 2C,F). The
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CM model also had a lower AIC than the WUE model
for all species: aspenWUE = −331.9, aspenCM = −349.1;
cottonwoodWUE = −218.5, cottonwoodCM = −235.2;
pineWUE =−201.6, pineCM =−207.6.

We found different responses to competition across our
three species. The results of a non-parametric two-way repeated
measures ANOVA for aspen showed that planting group had a
significant effect on β1 and the post hoc Tukey HSD pairwise
test indicated that competitor identity, in addition to competitor
presence, had an effect on β1. Specifically, a high water use
competitor, such as aspen and cottonwood, resulted in a riskier
stomatal strategy than when aspen were grown alone or with a
pine (Figure 3A). Cottonwoods grown with a competitor saw
a shift to a larger β1 value and cost function with a steeper
slope (Figure 3B) (p < 0.0001) indicating cottonwood seedlings’
stomatal behavior was more conservative under competition.
Interestingly, pines had the opposite response: pines under
competition employed a riskier stomatal strategy, had a small β1
value (p < 0.0001), and a cost function with a shallower slope
(Figure 3C). β1 values also varied across species: cottonwoods
had largest β1, aspens had a more moderate β1, and pines had
the smallest β1, indicating that water use strategy may relate to
the rate of stomatal closure as 9L declines.

Planting group, treatment, and their interaction all had an
effect on β1 (Figure 4). Repeated measures tests were significant
for differences between planting groups, treatment period, and
the interaction between group and period (p < 0.0001) for all
three species. For aspen and cottonwoods, all treatment periods
pairwise comparisons were significant (p < 0.01) indicating that
both drought presence and type resulted in shifts in β1. Pines saw
less of an effect of treatment periods on β1, likely due to the fact
that pines experienced less severe water stress compared to aspens
and cottonwoods (as verified through 9PD). However, pine
recovery β1 were significantly different from predrought β1, VPD
drought β1, and combination drought β1 (p< 0.0001), indicating
that there was an effect of water stress on pine stomatal behavior.

Interactions between planting group and treatment period
had a variety of responses (Table 2). Aspen grown alone, aspen
competing with cottonwoods (AxC), and aspen competing with
pine (AxP) had no significant differences in β1 values during
the predrought period, but all four planting groups β1 values
were significantly different in the post-drought recovery period,
indicating that there was an effect of competitor identity on
changes in β1 following drought treatments (p < 0.0001). Within
each of the aspen planting groups, recovery β1 values were
significantly different from all other time periods providing
further evidence that drought affected stomatal behavior
(p < 0.0001). High water use competitors, such as the case
when aspen competed with aspen (AxA) or cottonwood (AxC),
resulted in larger recovery β1, while the aspen grown alone
and aspen competing with pine resulted in a smaller recovery
β1 (Figure 4A), suggesting increased competition for water
stimulates a more dramatic shift toward a more conservative
stomatal strategy post water stress treatment (after drought).

Within cottonwood planting groups, the majority of treatment
periods were significantly different (p < 0.05) and their
recovery β1 values were largest, indicating that repeated drought

treatments led to a shift toward a more conservative stomatal
strategy. Competitors also affected how seedlings responded
to each sequential drought: solo cottonwoods and competing
cottonwoods had different β1 values during all treatment periods
(Figure 4B). Pines grown without a competitor responded to the
drought treatments and shifted to a more conservative stomatal,
as indicated by a larger recovery β1 compared to pretreatment
β1, VPD treatment β1, and combination drought treatment β1
(p < 0.001). Contrary to patterns seen in the other species
and planting groups, pine competing with aspen (PxA) saw a
statistically significant larger β1 in the predrought period than the
drought and post drought treatment periods. Within treatment
periods, pines without a competitor and pines with a competitor
were always significantly different (p < 0.05), indicating an effect
of planting group on stomatal strategy (Figure 4C).

We found there were relationships between changes in
physiological metrics and changes in β1 such that a decrease
in drought resistance and increase in hydraulic damage lead
to a more conservative strategy in aspen and cottonwoods
(Figures 5A–F). Larger β1 values were correlated with less
negative TLP and increased PLC for aspens (Figures 5A,B).
However, only the PLC relationship was statistically significant
(p < 0.01). Larger β1 values were correlated with less
negative TLP, PLC, and less negative 9PD for cottonwoods
(Figures 5D–F), although none were statistically significant. In
contrast to the aspens and cottonwoods, pines saw a non-
significant negative correlation with all three measurements
(Figures 5G–I), such that stomatal closure rate decreased in step
with increased PLC and less negative TLP.

DISCUSSION

Here we show the CM model more skillfully predicted stomatal
response to water stress induced through both competition and
drought compared to the WUE model. Further, we found that
both competition and drought influenced stomatal strategies.
Critically, the effects of competition were complicated and varied
by species. Surprisingly, pines exhibited a riskier, “spenders”
strategy in response to competition whereas cottonwoods
exhibited a more conservative, “savers” strategy, which is
counterintuitive based on our current understanding of their life
history strategies. However, the competitor’s water use strategy
helps explain the magnitude and direction of shift in cost function
with seedlings adopting a riskier strategy when competing with
higher water users and a more conservative strategy when
competing with lower water users. All three species showed this
pattern across treatment periods with varying environmental
conditions and watering regimes, and the magnitude of these
shifts was likely related to the strength of competition., These
results illustrate that gas exchange variation in individual trees
and whole forest communities is likely influenced by a complex
interplay among environmental stress, competitive stress, and
stomatal and trait strategies.

Shifts in the shadow cost (MXTE) and pricing hydraulic risk
in response to both competition and drought were explained by
competitor species and adjustments in physiological traits. The
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TABLE 2 | Post hoc Tukey HSD pairwise interaction comparisons for Populus tremuloides, Populus angustifolia, and Pinus ponderosa.

(a) Planting group Treatment period Pairwise comparisons within planting groups

A Predrought A

Soil A

VPD B

Combination B

Recovery C

AxA Predrought A

Soil A

VPD B

Combination B

Recovery C

AxC Predrought A

Soil B

VPD C

Combination D

Recovery E

AxP Predrought A

Soil A B

VPD A B

Combination B

Recovery C

C Predrought A

Soil B

VPD C

Combination D

Recovery E

CxA Predrought A

Soil B

VPD B

Combination C

Recovery D

P Predrought A

Soil B

VPD A

Combination A

Recovery B

PxA Predrought A

Soil B

VPD B

Combination B

Recovery B

(b) Treatment
period

Aspen planting
groups

Pairwise comparisons
within treatment periods

Cottonwood
planting groups

Pairwise comparisons
within treatment periods

Pine planting
groups

Pairwise comparisons
within treatment periods

Predrought A a C a P a

AxA b CxA b PxA b

AxC a

AxP a

Soil A a C a P a

AxA b CxA b PxA b

AxC c

AxP a b

VPD A a C a P a

AxA b CxA b PxA b

(Continued)
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TABLE 2 | Continued

(b) Treatment
period

Aspen planting
groups

Pairwise comparisons
within treatment periods

Cottonwood
planting groups

Pairwise comparisons
within treatment periods

Pine planting
groups

Pairwise comparisons
within treatment periods

AxC c

AxP a b

Combination A a C a P a

AxA b CxA b PxA b

AxC a b

AxP a b

Recovery A a C a P a

AxA b CxA b PxA b

AxC c

AxP d

Letters represent statistically significant differences (p < 0.05). Panel (a) shows within planting group comparisons across treatment periods. Panel (b) shows within
treatment period and between planting group comparisons. Planting groups are aspen grown alone (A), aspen competing with aspen (AxA), aspen competing with
cottonwoods (AxC), aspen competing with pines (AxP), cottonwoods grown alone (C), cottonwood competing with aspen (CxA), pines grown alone (P) and pines
competing with aspen (PxA).

angiosperm species had a positive correlation between PLC and
β1 such that the seedlings had both a higher PLC and larger
β1 during treatment recovery compared to the pretreatment
period. The coordination between PLC and β1 could be due
to an increase in embolism, which would limit the amount

of water seedlings could transport, causing a shift toward a
“savers” stomatal behavior to avoid additional hydraulic damage
(Figure 1). The relationships between larger β1 and shifts in, TLP,
PLC, and 9PD were consistent with our hypotheses that increased
hydraulic damage (i.e., higher PLC) and lower drought tolerance

FIGURE 4 | β1 values estimated from fixed β0 values within planting groups across treatment periods [predrought, soil drought, vapor pressure deficit (VPD) drought,
combination soil and VPD drought, and post drought recovery]. Panels are separated by species: Populus tremuloides (A), Populus angustifolia (B), and Pinus
ponderosa (C). Planting groups are separated within panels by gray lines: aspen grown alone (A), aspen competing with aspen (AxA), aspen competing with
cottonwoods (AxC), aspen competing with pines (AxP); cottonwoods grown alone (C), cottonwoods competing with aspen (CxA); pines grown alone (P), and pine
competing with aspen (PxA). Colors represent treatment periods. Boxplots show the median, 25th and 75th percentiles with whiskers extending to furthest data
point up to 1.5x the interquartile range, and data points beyond this are considered outliers and represented by open circles. Y-axes vary between species.
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FIGURE 5 | Comparison of β1 values with turgor loss point (TLP) (A,D,G), percent loss of hydraulic conductivity (PLC) (D,E,H), and predawn water potential (9PD)
(C,F,I) during the predrought and post drought recovery treatment periods for each planting group. Panels are organized by species: Populus tremuloides (A–C),
Populus angustifolia (D–F), Pinus ponderosa (G–I). Squares (�) are predrought measurements and circles (•) are post drought measurements. Each planting group
is represented by color, groups for the plants grown alone are in black. Aspen competing with aspen (AxA), cottonwood competing with aspen (CxA), and pine
competing with aspen (PxA) groups are in green; aspen competing with cottonwoods (AxC) is in purple; and aspen competing with pine (AxP) is in blue. Mean values
are plotted with ± one standard deviation bars shown. Solid black lines represent significant results (p < 0.05) and gray dashed lines for non-significant results for
the best fit for ordinary least squares regression. Y-axes vary by species.

(less negative TLP) are associated with a shift toward a more
conservative stomatal strategy. In addition, cottonwoods had less
negative 9PD in the recovery period, which is indicative of lower
water stress, but also larger β1, further supporting evidence of
hydraulic damage and increased cost even at less negative 9L.
The pines, the only gymnosperm, had non-significant but slightly
negative correlations between β1 and TLP, PLC, and 9PD and
showed less variation in these variables, both within planting

groups and across treatment periods (Figures 5H,I). This may
be due to the fact that the pines were not significantly stressed
during the drought treatments, resulting in less of a response in
both β1 and hydraulic metrics.

Increased stomatal sensitivity following drought events could
have important impacts on productivity, even under well-
water conditions, preventing plants from photosynthesizing and
repairing hydraulic damage sustained during drought (Brodersen

Frontiers in Plant Science | www.frontiersin.org 10 May 2020 | Volume 11 | Article 47879

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00478 May 7, 2020 Time: 20:35 # 11

Zenes et al. Stomatal Optimization Strategy

and McElrone, 2013). This physiological response could help
to explain a lag in growth recovery and mortality that has
been observed following drought events (Anderegg et al., 2015;
Peltier et al., 2016; Klockow et al., 2018; Trugman et al., 2018).
This hypothesis is supported by other studies: Aasamaa and
Sober (2011) found trees exposed to drought showed an increase
in stomatal sensitivity to changes in environmental conditions
following a recovery period. A positive correlation between PLC
and β1 would make it more difficult for trees to prepare for
future drought events as they are forgoing carbon even under
low atmospheric demand, due to increased stomatal sensitivity.
Therefore, avoiding damage to hydraulic tissue and the increased
carbon cost of recovering hydraulic conductivity could favor
the selection for plants to become more conservative following
drought periods (Brodribb et al., 2010). Some of these shifts
in stomatal strategy could be due to changes in biochemical
mechanisms, such as abscisic acid (ABA) concentrations, that
have been shown to respond to drought and influence optimal
stomatal behavior (Haworth et al., 2018; Brunetti et al., 2019).
For example, increased foliar ABA has been shown to maintain
stomatal closure when plants were returned to well-watered
conditions (Tombesi et al., 2015). Investigating how long plants
take to revert to their predrought strategy, as well as the
mechanisms driving the adjustment, could give insight into
ecosystem dynamics shifts following changes in frequency and
severity of droughts.

While there have been a number of studies addressing the
role of physiological traits and mechanisms affecting plant
response during drought (Farooq et al., 2009), the recovery
of photosynthetic rates, 9PD, and leaf gas exchange in plant
communities after natural drought has not been as thoroughly
investigated (Flexas et al., 2006). The shifts we observed toward
a more conservative stomatal strategy and more rapid stomatal
closure as 9L declined may help to explain the lag in gas
exchange recovery following drought events, even when 9L
return to predrought levels (Pšidová et al., 2015). Indeed, Yin
and Bauerle (2017) found that incomplete post-drought recovery
was present across all plant functional types documented in
their meta-analysis, although the magnitude varied greatly.
Damage to hydraulic transport tissue has been found to be
a major determinant of photosynthetic recovery in the desert
perennial tree Prosopis velutina due to the increase in stomatal
limitation even without changes to leaf biochemistry (Resco
et al., 2009), which may explain the shift to a more conservative
strategy with increased PLC following drought. Incorporating
mechanisms that reflect underlying processes driving the changes
in stomatal strategy and stomatal sensitivity into mechanistic
models may help better predict changes in plant productivity
following drought.

Here, we provide evidence that the CM hypothesis accurately
predicts plant stomatal strategies in complex environmental
and competitive stress scenarios. Further, overall stomatal
behavior and shifts in stomatal strategy in response to drought
were species-specific. Interestingly, higher water users showed
increased sensitivity to changes in 9L and had a larger shift
to conservative strategies after drought had ended. Crucially,
we show that drought and water stress, even on short term

timescales, can have lasting effects on plant stomatal behavior
even when the plants returned to favorable environmental
conditions. As current climate models assume perfect plant
recovery from water stress, there is a need to better describe and
incorporate these stomatal behavior changes and plant recovery
in order to better predict ecosystem fluxes and forest response to
a changing climate.
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Mosses are an ancient land plant lineage and are therefore important in studying the
evolution of plant developmental processes. Here, we describe stomatal development
in the model moss species Physcomitrium patens (previously known as Physcomitrella
patens) over the duration of sporophyte development. We dissect the molecular
mechanisms guiding cell division and fate and highlight how stomatal function might vary
under different environmental conditions. In contrast to the asymmetric entry divisions
described in Arabidopsis thaliana, moss protodermal cells can enter the stomatal lineage
directly by expanding into an oval shaped guard mother cell (GMC). We observed
that when two early stage P. patens GMCs form adjacently, a spacing division can
occur, leading to separation of the GMCs by an intervening epidermal spacer cell.
We investigated whether orthologs of Arabidopsis stomatal development regulators are
required for this spacing division. Our results indicated that bHLH transcription factors
PpSMF1 and PpSCRM1 are required for GMC formation. Moreover, the ligand and
receptor components PpEPF1 and PpTMM are also required for orientating cell divisions
and preventing single or clustered early GMCs from developing adjacent to one another.
The identification of GMC spacing divisions in P. patens raises the possibility that the
ability to space stomatal lineage cells could have evolved before mosses diverged from
the ancestral lineage. This would have enabled plants to integrate stomatal development
with sporophyte growth and could underpin the adoption of multiple bHLH transcription
factors and EPF ligands to more precisely control stomatal patterning in later diverging
plant lineages. We also observed that when P. patens sporophyte capsules mature
in wet conditions, stomata are typically plugged whereas under drier conditions this
is not the case; instead, mucilage drying leads to hollow sub-stomatal cavities. This
appears to aid capsule drying and provides further evidence for early land plant stomata
contributing to capsule rupture and spore release.

Keywords: stomatal development, guard cells, guard mother cell, moss, Physcomitrella, stomatal function,
evolution

INTRODUCTION

Stomata are microscopic pores typically consisting of a pair of guard cells which regulate a central
aperture to control gas exchange for photosynthesis and water loss. They are present on the majority
of land plants and evolved prior to 418 million years ago (Edwards et al., 1998; Ligrone et al.,
2012; Chater et al., 2013, 2017). Along with other structural innovations such as leaves, roots and
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a cuticle, stomata permitted plants to grow larger and thrive
in drier environments; which in-turn resulted in vegetation
increasingly impacting on, and shaping the terrestrial biosphere
(Beerling, 2007; Berry et al., 2010). Vascular land plant stomata
regulate plant gaseous exchange, water status, temperature,
internal solute transport and can also prevent or allow pathogen
entry (Yoo et al., 2010; Franks et al., 2015; Hepworth et al.,
2015; Dutton et al., 2019). The role of stomata in non-vascular
land plants is less well understood, but recent evidence points
toward a role in aiding sporophyte capsule drying and spore
release; possibly by facilitating the drying and recession of
internal mucilage but does not preclude additional roles (Duckett
et al., 2009; Pressel et al., 2014; Villarreal and Renzaglia, 2015;
Chater et al., 2016; Duckett and Pressel, 2018). Here, we
assess stomatal formation during the sporophyte development of
Physcomitrium patens, and provide novel insights into how moss
stomata develop and function. For a more specialized overview
of P. patens sporophyte development, see Hiss et al. (2017).

The development of stomata in vascular land plants is
well described, with Arabidopsis thaliana being particularly
well characterized (Zhao and Sack, 1999; Lucas et al., 2006;
Rudall et al., 2013, 2017; Figure 1A). Recent work in mosses
and hornworts has begun to dissect the relatively simpler
mechanisms of stomatal development in bryophyte species
(Merced and Renzaglia, 2013, 2016, 2017; Pressel et al., 2014).
Like other mosses, the model species P. patens (Rensing
et al., 2020) employs a simple form of stomatal development
(Figure 1B) and a number of genes orthologous to those of
Arabidopsis have been shown to regulate stomatal development
and patterning (MacAlister and Bergmann, 2011; Caine et al.,
2016; Chater et al., 2016). Surprisingly, despite the elucidation of
genetic regulators, our understanding of stomatal and epidermal
ontogeny in this model moss remains limited (Figure 1B).
This represents a significant gap in our knowledge relating to
how stomatal development might have altered over the course
of evolution. With a better understanding of how P. patens
produces stomata, we will gain insight into how stomatal and
epidermal cell coordination has developed over time, and may
begin to understand how vascular land plants gradually built the
intricate stomatal developmental and patterning modules that we
marvel at today.

Most of our knowledge relating to the genetics underpinning
stomatal development stems from work conducted on
Arabidopsis (Qi and Torii, 2018; Zoulias et al., 2018; Lee
and Bergmann, 2019). Research presented here is associated
with the core signaling module regulating stomatal development,
outlined in Figure 1A, but for an in-depth description relating
to the latest findings see also Lee and Bergmann (2019) and Qi
and Torii (2018). Arabidopsis stomatal development is initiated
when basic helix-loop-helix (bHLH) transcription factors
SPEECHLESS (SPCH) and ICE1/SCREAM (SCRM) or ICE2
(SCRM2) heterodimerize leading to a subset of protodermal cells
gaining meristemoid mother cell (MMC) identity (Figure 1A;
MacAlister et al., 2007; Kanaoka et al., 2008). MMCs undergo
an asymmetric entry division to produce a smaller meristemoid
cell and a larger stomatal lineage ground cell (SLGC), again
regulated via SPCH-SCRM/2 (Zhao and Sack, 1999; Bhave et al.,

2009; Pillitteri and Dong, 2013). SLGCs either produce satellite
meristemoids via an asymmetric spacing division (regulated
by SPCH-SCRM/2 activity), or can de-differentiate and form
epidermal pavement cells (Pillitteri and Dong, 2013). The
meristemoids formed by either entry or spacing divisions may
also undergo self-renewing amplifying divisions, which leads
to the production of further SLGCs, again via SPCH-SCRM/2
activity (Zhao and Sack, 1999; Berger and Altmann, 2000;
MacAlister et al., 2007; Kanaoka et al., 2008).

Following these asymmetric divisions, the transition from
Arabidopsis meristemoid to guard mother cell (GMC) is
orchestrated by the transcriptional regulator bHLH MUTE
(closely related to SPCH), in combination with SCRM/2
(Figure 1A; Kanaoka et al., 2008; Pillitteri et al., 2008). To form a
pair of guard cells, MUTE and SCRM/2 also oversee the GMC
symmetric division, and finally FAMA (related to both SPCH
and MUTE), together with SCRM/2, enforces correct guard
cell identity (Zhao and Sack, 1999; Ohashi-Ito and Bergmann,
2006; Kanaoka et al., 2008; Han et al., 2018). The activity of
SPCH, MUTE and FAMA, in combination with either of the
SCRMs, is modulated by a mitogen activated protein kinase
(MAPK) pathway (Lampard, 2009; Han and Torii, 2016; Qi
et al., 2017). This pathway facilitates intricate signaling within
and between cells by connecting the plasma membrane to
the nuclear bHLH transcription factors (Qi and Torii, 2018;
Lee and Bergmann, 2019).

To coordinate the above cellular transitions and divisions,
Arabidopsis uses a signaling network which includes a plasma
membrane-localized receptor-like protein (RLP), receptor-like
kinases (RLKs) and apoplastic signaling peptides (Figure 1A;
Qi and Torii, 2018; Lee and Bergmann, 2019). For asymmetric
divisions to commence, the RLP TOO MANY MOUTHS (TMM)
in combination with the ERECTA family of RLKs [especially
ERECTA (ER)] are particularly important (Yang and Sack, 1995;
Shpak et al., 2005; Lee et al., 2012, 2015). These receptor
components enable the transduction of signals from the apoplast
across the plasma membrane. If the apoplastic signaling peptide
EPIDERMAL PATTERNING FACTOR (EPF) 2 is successful in
binding to TMM and ERECTAs (typically ER) then asymmetric
entry divisions fail to occur and the stomatal lineage is halted
because SPCH becomes phosphorylated and thus de-activated
(Figure 1A; Hara et al., 2009; Hunt and Gray, 2009; Lee et al.,
2015). Conversely, If EPF2 is out-competed for receptor binding
by EPF-like 9 (EPFL9, otherwise known as STOMAGEN), then
an asymmetric entry division is more likely to occur, resulting in
a meristemoid and SLGC (Hunt et al., 2010; Sugano et al., 2010;
Lee et al., 2015). The subsequent transition of the meristemoid
to a GMC is governed by EPF1, which like EPF2, uses TMM
and ERECTA family members [particularly ER-like1 (ERL1)] to
convey signals into the cytoplasm that prevent GMC formation
(Hara et al., 2007; Hunt and Gray, 2009; Lee et al., 2012; Pillitteri
and Torii, 2012; Qi et al., 2017).

We have previously shown that P. patens expresses multiple
genes that are orthologous to Arabidopsis equivalents that
function during stomatal development and patterning (Caine
et al., 2016; Chater et al., 2016). Instead of three bHLH genes
akin to SPCH, MUTE and FAMA, P. patens has two genes:
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FIGURE 1 | Overview of the molecular control of stomatal development. (A) In Arabidopsis thaliana the stomatal lineage is initiated when an undifferentiated
protodermal cell is specified to become a meristemoid mother cell (MMC) via the actions of a heterodimeric protein complex consisting of bHLH transcription factors
SPEECHLESS (SPCH) and either SCREAM (SCRM) or SCRM2 (also referred to as ICE1 and ICE2). The MMC then undergoes an asymmetric entry division again
promoted by SPCH and SCRM/2 activity. SPCH is phospho-regulated via the activity of a mitogen activated protein kinase (MAPK) pathway that facilitates signals
being relayed from the plasma membrane to the nuclear-residing transcription factors. TOO MANY MOUTHS (TMM) and ERECTA family proteins act to regulate
external signals that trigger the MAPK pathway from outside the cell. Binding of EPIDERMAL PATTERNING FACTOR (EPF) 2 signaling peptide to ERECTA family
proteins particularly ERECTA (ER) increases MAPK activity and SPCH is phosphorylated thereby preventing stomatal lineage progression. Conversely, if EPF-like 9
(EPFL 9, also known as STOMAGEN) outcompetes EPF2, then the MAPK pathway is not activated and SPCH activity is preserved. The heterodimeric unit of SPCH
and SCRM/2 is self-regulatory as SPCH drives the expression of EPF2. Additional meristemoids can be generated via spacing divisions where an SLGC divides
away from an already formed meristemoid, and via self-renewing amplifying divisions of an existing meristemoid. Both of these divisions are solicited by SPCH and
SCRM/2 activity. For meristemoids to advance to guard mother cell (GMC) state, the bHLH MUTE is required in combination with SCRM/2. This is again under the
control of the MAPK pathway. Instead of EPF2, EPF1 competes with EPFL9 for the binding of ERECTA proteins particularly ER-like 1 (ERL1) with moderation again
via TMM. EPF1 bound ERL1 leads to increased MAPK activity and prevents stomatal lineage advancement. For a GMC to symmetrically divide and form a pair of
guard cells (GCs) both MUTE, and then FAMA, again in combination with SCRM/2 are required. FAMA, like SPCH and MUTE, is also regulated via MAPK activity,
although how this occurs is not well understood. (B) A suggested model for Physcomitrium patens stomatal development. Mosses and hornworts initiate stomatal
development module when a protodermal cell expands and becomes an ovoid GMC. For P. patens, the GMC then undergoes an incomplete symmetric division
leading to the formation of a single ovoid shaped GC. Where the previously described PpSMF1, PpSCRM1, PpTMM, PpEPF1, and PpERECTA1 gene products
function during the developmental module remain to be determined.

PpSMF1 and PpSMF2, of which only PpSMF1 is required during
stomatal development. In ppsmf1 knockout lines no stomata form
on the moss sporophyte (Chater et al., 2016). For Arabidopsis
SCRM/2 equivalents, there are four moss orthologs, of which,
only PpSCRM1 has thus far been identified to be involved in
stomatal development. As with ppsmf1 plants, ppscrm1 mutants

possess no stomata on the moss sporophyte (Chater et al.,
2016). Whilst Arabidopsis has three ERECTA family genes,
there are six orthologous P. patens genes, but to date only
PpERECTA1 has been studied (Caine et al., 2016). Like ERECTA,
PpERECTA1 positively regulates stomatal development and
the correct placement of stomata. The contribution of other
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PpERECTA genes to stomatal and sporophyte development
remains unknown.

TOO MANY MOUTHS is a single-copy gene in both
Arabidopsis and P. patens (Caine et al., 2016). Arabidopsis
TMM prevents stomatal clustering in a number of organs
including leaves, yet at the same time promotes stomatal
development in other organs, most notably on siliques and
the base of inflorescence stems (Geisler et al., 1998; Abrash
and Bergmann, 2010). In pptmm mutants, clustered stomata
and zones devoid of stomata can be found on the same
sporophyte, highlighting the complex mechanisms by which
PpTMM titrates different stomatal developmental signals during
sporophyte growth (Caine et al., 2016). Whilst at least three
EPF/L genes regulate Arabidopsis stomatal development, only
one EPF appears to play a role in moss stomatal development:
PpEPF1 (Chater et al., 2017). PpEPF1 negatively regulates
stomatal development as ppepf1 mutants exhibit abnormal
contiguous clustering of stomata (Caine et al., 2016). To test
whether a positive regulator of stomatal development could
promote stomatal development in P. patens, Arabidopsis EPFL9
was over-expressed, but no change in phenotype was detected
(Caine et al., 2016). Based on this and phylogenetic analysis, it is
likely that positive regulation of stomatal development by EPFL9
genes evolved after the divergence of vascular plants (Chater
et al., 2017). Despite these advances, the coordinated functioning
of signaling components in moss stomatal development is yet
to be described.

In most non-vascular land plants, stomatal development
involves the specification of a protodermal cell which enlarges to
become a GMC, that subsequently divides to produce a pair of
guard cells (Vaten and Bergmann, 2012; Merced and Renzaglia,
2016, 2017; Figure 1B). GMCs have previously been termed
“guard cell parent cells” (GPCs) in mosses and “stomatal mother
cells” (SMC) in hornworts (Sack and Paolillo, 1985; Pressel
et al., 2014). For simplicity, and to convey their similar shared
identity, we refer to all bryophyte equivalents as GMCs. No
asymmetric entry division appears to precede GMC formation
in non-vascular plants (Rudall et al., 2013; Pressel et al., 2014;
Merced and Renzaglia, 2016). Moreover, amplifying divisions and
spacing divisions are also thought to be absent in mosses and
hornworts. This implies that non-vascular land plant stomata are
perigenous as they develop – that is, there is an absence of any
neighboring cells that originally derived from the same stomatal
lineage (Rudall et al., 2013). GMC development and division
in mosses and hornworts appear to be intricately coordinated
with chloroplast behavior, as specific chloroplast conformations
have been observed prior to the symmetric division that forms
the pore (Pressel et al., 2014; Merced and Renzaglia, 2016,
2017). Whilst most bryophyte GMCs divide to produce two
guard cells, in the Funariaceae mosses such as P. patens the
GMC does not fully divide and a single guard celled stomate is
produced (Figure 1B; Sack and Paolillo, 1985; Field et al., 2015;
Chater et al., 2016).

Most mosses and hornworts, but not liverworts, possess
stomata on their sporophytes (Chater et al., 2017; Merced and
Renzaglia, 2017; Duckett and Pressel, 2018; Brodribb et al.,
2020). For a number of bryophyte species (including P. patens),

liquid mucilage is initially detectable in the cavity formed
beneath the developing stomata of young sporophytes (Pressel
et al., 2014; Merced and Renzaglia, 2016; Renzaglia et al.,
2017). As sporophyte expansion continues, stomatal opening
occurs and typically internal mucilage recedes. This leads to
a hollowing of the sub-stomatal cavity. In hornworts this is
followed by stomata collapsing inwardly and cells dying as
capsules mature (Renzaglia et al., 2017). Mucilage recession
enables water release from both moss and hornwort capsules, and
this appears to accelerate sporophyte drying and capsule rupture
(Villarreal and Renzaglia, 2015; Chater et al., 2016; Merced
and Renzaglia, 2017; Duckett and Pressel, 2018). Despite this,
observations of near-mature P. patens capsules show that sub-
stomatal cavity mucilage does not always recede (Chater et al.,
2016), suggesting that water release during maturation is variable
and possibly conditional on the surrounding environment
(Merced and Renzaglia, 2017).

Based on the findings reported here, we suggest that stomatal
development in moss is more complex than previously thought
and is not exclusively perigenous. We observed mesoperigenous
development, with non-stomatal lineage cells forming during
the development of stomata (Payne, 1979; Rudall et al., 2013).
Furthermore, we dissect how P. patens correctly initiates stomatal
development and patterning in relation to GMC formation
by following deviations of cell fate transitions in ppsmf1,
ppscrm1, pptmm, and ppepf1 knock-out mutants. By analyzing
the development and maturation of guard cells and subtending
cavities under differing environmental conditions, we provide
further insight into the possible role of moss stomata and provide
a rationale for whether stomata remain open or become plugged
as sporophyte capsules mature.

MATERIALS AND METHODS

Plant Materials
Physcomitrium patens subspecies patens (Hedwig) Mitten
(Medina et al., 2019; Rensing et al., 2020) wild-type strains
Gransden 2004, Gransden D12 and Villersexel, and previously
published mutants were grown under sterile conditions on
42 mm Jiffy 7 peat pellets (Amazon, London). To produce
data in Figures 2–7, pellets were first rehydrated using
40 ml of distilled water inside Magenta GA-7 culture vessels
(Sigma-Aldrich, Gillingham, United Kingdom), sealed with
Micropore tape (3 M, Maplewood, Minnesota, United States)
and sterilized. Post-sterilization, a further 70 ml of sterilized
distilled water was added. To produce sterile protonemal
homogenate, a 1 × 9 cm plate of 6–10-day old BCDAT-grown
tissue (Cove et al., 2009) was scraped from a cellophane
disk (AA Packaging, Preston, United Kingdom) and placed
in 15 ml of sterilized distilled water and homogenized for
20 s using a Polytron PT1200 (KINEMATICA AG, Luzern,
Switzerland). Peat pellets were inoculated with either 1.5 ml of
protonemal homogenate (Figures 2–6) or a 1.5 cm2 piece of
tissue derived from 3-week-old BCDAT-grown tissue (Figure 1).
To produce the sporophytes presented in Figure 8, plants
were grown on agar plates (12 g l−1) supplemented with Knop
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FIGURE 2 | Stomatal development during sporophyte development in Physcomitrium patens. (A–G) Overview of the developing P. patens sporophyte from
fertilization to fully expanded brown sporophyte stage. (a–g) Close-ups of (A–G) illustrating early sporophyte development, and then once formed, stomata and their
development in relation to overall sporophyte development. Representative stomata in panels (c–g) are marked with purple arrows. (A) Mature gametangia and
nascent sporophyte (black arrow) surrounded by leafy gametophyte tissue. (a) Left image, a very young sporophyte (red arrow) resulting from the fertilization of the
egg cell in the female archegonia. The gametophytic calyptra derived from the archegonia is visible and is being pushed up by the underlying nascent sporophyte.
Right image, male antheridia (blue arrow) with a cloud of spermatozoids above. (B) Developing sporophyte (black arrow) being pushed up via a seta, with
gametophyte calyptra still affixed (yellow arrow); the seta is subtending the calyptra. (b) A close-up of the calyptra sitting atop the gametophyte (yellow arrow).
(C) Elongating sporophyte with a darkened central spore sac becoming visible. (c) Stomatal lineage cells protruding from the surface of epidermis (purple arrows).
The calyptra is absent from this image, and also for subsequent images through to sporophyte maturity. Normally it remains present until the penultimate stages of
sporophyte development when sporophytes remain undisturbed (Hiss et al., 2017). (D) As the sporophyte begins to expand outward the central spore sac becomes
distinct from the surrounding tissue. (d) As expansion of the capsule occurs (D) stomatal pores can be seen in the central regions of recently formed guard cells
(GCs; see centrally placed purple arrow). (E) As the central spore sac expands the overall shape of the sporophyte becomes more spherical. (e) The stomata on the
expanding sporophyte begin a transition from being translucent to being filled with an orange to brown substance. (F) A fully expanded green sporophyte with
maturing spores. (f) The GCs are now orange in color as the sporophyte is maturing. (G) The fully expanded sporophyte capsule is browned, indicating that the
internal spores are mature. (g) Like the sporophyte capsule, the color of the stomata turns increasingly brown prior to and during senescence. (H) Scanning electron
microscopy image of a mature Physcomitrium patens guard cell plugged with waxes. Scale bars are as follows: (A–G) = 100 µm; (a–g) = 50 µm; (H) = 25 µm.

medium (Egener et al., 2002; Frank et al., 2005) as previously
described Chater et al. (2016).

Growth Conditions
Plants were grown at 25◦C under continuous light (140 µmol
m−2 s−1 irradiance) for 8 to 12 weeks until large gametophores
were produced. To induce gametangia, plants were moved to
a Medicool MPR-161D(H) cabinet (Sanyo, Osaka, Japan) fitted
with Phillips Master TL-D 90 De Luxe 18W/965 fluorescent
lamps (Amsterdam, Netherlands) set to 18◦C, 10 h light
(100 µmol m−2 s−1 irradiance) and 15◦C, 14 h dark. After
2–3 weeks, 40 ml of sterile distilled water was poured
over plants to fertilize archegonia. For analysis of stomata
on dry or wet grown sporophyte capsules, the following
procedures were undertaken. For nascent sporophytes, samples
were collected approximately 3 weeks after water application.
For expanded green-to-yellow spore sporophytes, collection
occurred approximately 5 weeks after water application. For
browning sporophytes, samples were collected at approximately
6.5 weeks. For stomatal counts of browned sporophytes, samples
were fixed in modified Carnoy’s solution (2:1 Ethanol: Glacial
acetic acid) for 1 week prior to analysis. To identify dry
grown sporophytes for Figure 7, capsules were located on
peat pellets from lower-humidity zones of the moss canopy,
identified by water repellent gametophores within the colony.
Dry-and wet-grown samples were collected from similar heights
and depths within colonies to minimize edge effects and

micro-environments. We did not follow individual dry-grown
sporophytes on individuals from fertilization until maturity.
Plants cultivated on plates for results in Figure 8 were grown
at 23◦C, 16 h light, 8 h dark prior to sporophyte induction
as in Hohe et al. (2002).

Sample Preparation, Microscopy and
Image Processing
For bright-field and fluorescence microscopy, spore capsules
were excised from moss colonies and dissected in water. Imaging
was performed on an Olympus BX-51 microscope fitted with
Olympus DP71 camera (Tokyo, Japan). For fluorescence imaging
of untreated samples, an Olympus U-RFL-T-200 UV lamp
(Tokyo, Japan) with an LP 400 nm emission filter was used. To
produce stacked images, multiple fields of view of a subject were
obtained. Images were stacked using ImageJ (Schneider et al.,
2012) and then flattened using the Z project function using either
the Min Intensity or Max Intensity settings to compile flattened
images. The moss colony image was taken using a Canon EOS
500D camera (Tokyo, Japan).

DPBA Staining and Imaging
Mature browning capsules were fixed in Carnoy’s, and incubated
for 1 h in either Diphenylboric acid-2-aminoethyl ester (DPBA;
Sigma-Aldrich, Gillingham, United Kingdom) solution (0.25%
DPBA, 0.02% Triton X-100 (v/v) or a control solution of
0.02% Triton X-100 solution (v/v). Dissected capsules were
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FIGURE 3 | Stomatal formation during capsule expansion and in fully expanded mature capsules. (A) A stacked and flattened image of an early expanding
sporophyte capsule dissected and face-up. The capsules surveyed were equivalent in size to sporophytes including and between growth stages in Figures 2D,E.
(B) A stacked and flattened image of an equivalent fully expanded mature brown spore capsule equivalent to Figure 2G. (C) Dot-plot of stomatal number on
expanding and mature sporophyte capsules. Individual replicate values denoted by circles, means by black diamonds. A two-tailed t-test confirms significantly more
stomata on mature brown capsules (∗∗P < 0.01). (D) A stomatal cluster consisting of two stomata (2-er) on a mature browned wild-type sporophyte capsule. (E) A
stomatal cluster consisting of three stomata (3-er) on a mature wild-type capsule. (F) Dot-plot of instances of clustering on expanding and mature brown sporophyte
capsules. Symbols are as in panel (C). Non-clustering stomata are counted as 1-ers. (G–N) All images taken from mature brown fixed capsules. (G) An epidermal
area almost devoid of stomata. (H,I) Enlarged round, possibly aborted GMC cells (see black arrows). (J) An aborted GMC displaying the characteristic orange to
brown hue akin to mature guard cells but without the central pore (see arrow). (K) Mature sporophyte capsule dissected and stained with diphenylboric acid 2-amino
ethyl ester (DPBA). (L) Capsule exposed to UV light to assess flavonoid derivatives which are visible as an orange fluorescence in the guard cell. (M) Mock treated
equivalent to panel (K). (N) No fluorescence is emitted from the guard cell under equivalent UV light treatment. Scales bars are as follows: (A,B) = 50 µm; (D,E) and
(G–J) = 15 µm; (K–M) = 25 µm.

then imaged using a pE-2 UV Fluorescence Light Source
(CoolLED, Andover, United Kingdom) on an Olympus BX-51
microscope. To excite samples 400 nm wavelength was utilized.
To capture fluorescence at the appropriate wavelength a 455 nm
emission filter was used. Bright-field and UV images of both
the stained and treated controls were obtained using the same
exposure settings.

Statistical Analysis and Graphing
For comparisons of stomatal frequency, the total number of
stomata were counted from 5 expanding and 5 expanded spore
capsules and analyzed using a Student’s t–test. A stoma was
classified as a GC with an obvious central pore. Dot-plot graphs
were produced in R using the ggplot2 data visualization package
(Wickham, 2009; R Development Core Team, 2012).
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FIGURE 4 | Continued
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FIGURE 4 | Stomatal lineage cells during stomatal development in Physcomitrium patens. (A) An excised apical portion of an expanding sporophyte, with calyptra
removed, equivalent in size to the sporophyte in Figure 2B. No stomata were visible at this developmental stage. (B) Fluorescence image of panel (A).
(C) Representative elongating sporophyte capsule beginning to expand which is equivalent to a sporophyte between stages Figures 2C,D. A nascent guard cell
(GC) can be seen in the central basal region of the sporophyte capsule. More apically and to the right a guard mother cell (GMC) is also present. Note: capsules
equivalent to Figure 2C were also used during these observations and nascent stomata were found at this development stage. (D) Fluorescent image of the same
sporophyte as (C) emitting a white autofluorescence coming from the open central open pore of the nascent GC, but no fluorescence was detected from the GMC
located more apically and to the right. (E–L) Images taken from sporophytes equivalent in size to Figure 2C through to Figure 2D where sporophytes were still
elongating and beginning to expand. In most cases a neatly arranged group of cells exists around the central stomatal lineage cells. (E) A smaller circular cell which
is probably a GMC pre-cursor. (F) An expanded GMC with organelles radially aligned at the cell perimeter and a central cell plate. (G) Expanded GMC with partially
fragmented organelles in one location that are dissipating and a very pronounced cell plate. (H) An early GC with fragmented organelles and a central indented
region. (I) Bright-field image of an early GC with fragmented organelles (yellow dot). A GMC with aggregated organelles (green dot) and a circular cell with organelles
circulating around the cell perimeter (blue dot). (J) Equivalent fluorescence image to bright-field in panel (I). (K,L) Adjusted depth of field images equivalent to those
in panesl (I,J), illustrating a fluorescent material in the pores of the GMC with fragmenting organelles (yellow dot), but not in the cell with aggregating organelles
(green dot) or the smaller circular undifferentiated cell (blue dot). The fluorescent material is used as a marker for pore formation in the early GC with fragmenting
organelles, which is not present in the aggregating organelle GMC or the smaller circular cell. (M) Once the organelles have finished fragmenting the pore is formed
leading to the reformation of aggregated organelles in the developing GC and a yellow to orange hue beginning to occur inside the developing GC. (N) Fluorescence
image of panel (M) illustrating fluorescence material lining the pore lips. (O) Schematic representation of the transition from protodermal cell to Mature GC. Firstly,
protodermal cells marginally expand and become surrounded in a very particular cellular arrangement thereby probably becoming a GMC pre-cursor. Then this cell
expands further to become early GMC which has aggregated organelles and a central cell plate. As the symmetric division begins to occur, the organelles then
dissipate and the late GMC is formed. In early GCs Organelles are fragmented throughout as the central pore begins to form. Organelles then reform in the
developing GCs before finally maturing, the process becoming an orangey brown color. Scales bars are as follows: (A–D) = 50 µm; (E–N) = 15 µm.

RESULTS

Stomatal Development on the
Sporophyte of P. patens
We observed the development of stomata in P. patens, which
in common with other mosses, produces stomata only on the
spore capsule of the sporophyte and not on the gametophyte
(Paton and Pearce, 1957; Field et al., 2015; Caine et al., 2016;
Chater et al., 2016; Merced and Renzaglia, 2017; Figure 2).
Sporophyte development begins when a gametophytic egg
cell is fertilized by a gametophyte sperm cell either via self-
fertilization or from another individual (Perroud et al., 2011,
2019; Hiss et al., 2017). Post-fertilization, the diploid zygote
divides asymmetrically to form a sporophyte consisting of an
apical cell and basal cell (Sakakibara et al., 2008). The apical
meristem derived from the apical cell is responsible for the
development of the spore capsule on which stomata will form.
The basal cell gives rise to the haustorium that anchors the
sporophyte in the parent gametophore. An intercalary meristem
implements further differentiation by producing a seta, a stalk
containing conducting tissue which is responsible for elevating
the developing sporophyte above the confines of the parent
gametophore (Figures 2B,b).

As sporophyte development and expansion continues, seta
development slows (Figure 2C). The calyptra, a gametophyte-
derived protective cap (visible in Figures 2A,B) normally sits
atop the sporophyte, and is ordinarily retained until just prior
to sporophyte capsule maturity (Hiss et al., 2017). As the
sporangium and stomatal regions continue to develop, the
spore sac and stomatal lineage cells become increasing visible
(Figures 2D,d). Within the spore sac, spores gradually develop
(Wallace et al., 2015), and the capsule gradually matures leading
to the sporophyte changing color from green to yellow, then
orange, before finally browning (Chater et al., 2016; Hiss
et al., 2017). Stomata also change color as the capsule matures,
starting a relatively translucent color and gradually following

the same color changes associated with the maturing sporophyte
(Figures 2c–g). Following maturation, brown capsules dehisce
through irregular lysis of epidermal cells, leading to rupture and
spore dispersal; at this late stage of sporophyte development
stomata often appeared to be “plugged” (Figure 2H).

Quantifying Stomatal Development and
Assessing Stomata on the Mature
Sporophyte Epidermis
To investigate the timing of stomatal formation during P. patens
wild-type sporophyte development we compared the number
of stomata on expanding capsules (between the stages defined
in Figures 2D,E) with the final stomatal number on fully
expanded mature brown sporophytes Figure 2G (Figure 3).
During expansion, the number of stomata was just over half that
on fully mature spore capsules (Figures 3A–C). This indicates
that stomatal development continues as sporophytes expand.
At the partially expanded stage, all the stomata observed were
spaced, with no clustering, but on mature capsules, small clusters
of stomata were occasionally observed (Figures 3D–F). Although
pairs, and very occasionally triplets of contiguously clustered
stomata were observed on mature sporophytes, the majority (85–
90%) were separated by at least one epidermal cell (Figure 3F).
In addition to the occasional clusters, small patches devoid of
stomata also infrequently occurred (Figure 3G), although these
were not as large as the stomata-less zones previously observed in
pptmm lines (Caine et al., 2016). On occasion, stomatal precursor
cells with the characteristic GMC oval shape were observed in
the mature sporophyte (Figures 3H–J), bearing similarity to
arrested GMCs observed in other land plant lineages (Zhao
and Sack, 1999; Pressel et al., 2014). During this study we used
Gransden 2004, Gransden D12 or Villersexel wild-type P. patens
strains. We did not observe any obvious differences in stomatal
development or patterning, and our previous work (Chater et al.,
2016), revealed no differences in stomatal number between the
different backgrounds.
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FIGURE 5 | Evidence for mesoperigenous stomatal development in Physcomitrium patens. A montage of images taken over approximately 2 h illustrating changes
in stomatal lineage cell conformation during an asymmetric GMC spacing division. (A) Bright-field image illustrating two neighboring early GMC cells with aggregated
cellular organelles. The right GMC is budding off and undergoing an asymmetric spacing division. A cell plate can be seen in both GMCs. (B) Fluorescence image of
panel (A) with no visible build-up of fluorescence material in central pore regions of either cell, further suggesting that both cells are early GMCs (see also Figure 4).
(C) The previously pronounced organelles in both GMC cells have dissipated substantially in the left-side GMC, and have fragmented in an equally distributed
pattern within the right-side cell. (D) Fluorescence image of panel (C) still displaying no evidence of fluorescent material associated with pore formation. A number of
the cells including the GMCs now appear darker than previously observed in panel (B). (E–G) Over time as cell division is continuing, the fragmented organelles
seem to migrate past the cell plate and become concentrated in the right of two newly forming cells. This leads to the formation of a spacer cell (SPC) in between the
two previously adjacent early GMCs. (H) Fluorescence image of panel (G) still with no visible fluorescence build-up in either the left-side GMC or either of the two
daughter cells formed from the spacing division of the right-side GMC parental cell. (I) Schematic representation of a GMC spacing division. When two early GMCs
form next to each other, one early GMC will bud off and undergo an asymmetric spacing division whilst the other appears to approach mid GMC phase (see also
Figure 3). The early GMC that buds off may or may not be able to renew early GMC identity. With an SPC in place between stomatal lineage cells, stomatal
development may continue as in Figure 3. Scale bars = 15 µm.

Many mature guard cells acquired an orangey hue prior
to full browning of the sporophyte. To ascertain the chemical
nature of the coloration we stained capsules with diphenylboric
acid 2-amino ethyl ester (DPBA), which fluoresces under UV
light in conjugation with flavonoid derivatives (Figures 3K–N).
A substantial fluorescent signal was detected in the mature guard
cells of stained capsules relative to unstained controls indicating
the presence of flavonoids (Figure 3L). For controls, fluorescence
was only detectable in the central pore regions and not in the
guard cells (Figure 3N).

Deciphering P. patens Stomatal
Ontogeny
During the early stages of development, the unexpanded
sporophyte was completely enclosed in a humid
microenvironment provided by the calyptra (Figure 2B;
Budke et al., 2011, 2012; Hiss et al., 2017). To ascertain whether
stomatal development is initiated at this early developmental
stage, the calyptra of young sporophytes was removed and
the underlying epidermis was checked for the presence or
absence of stomatal lineage cells (Figures 4A,B). At this

Frontiers in Plant Science | www.frontiersin.org 9 May 2020 | Volume 11 | Article 64391

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00643 May 20, 2020 Time: 16:4 # 10

Caine et al. Moss Stomata and Sporophyte Development

FIGURE 6 | Stomata development-associated genes PpSMF1, PpSCRM1, PpEPF1 and PpTMM all regulate guard mother cell (GMC) activity. All images displayed
are taken from elongating early expanding sporophytes equivalent to those pictured in Figures 1C,D. (A) Close-up of Villersexel K3 wild-type (WT) image of the
epidermis with a GMC that has yet to undergo division. (B) Fluorescent equivalent to panel (A). (C) ppsmf1 epidermis with epidermal cells loosely arranged in files
equivalent to wild-type in panel (A). (D) Fluorescent image of panel (C). (E) Representative close-up Gransden 2004 wild-type (WT) image with nascent guard cells
(GCs) that have re-aggregated organelles. (F) Fluorescent equivalent to panel (E). Note the fluorescence being emitted from the pore region of newly formed GCs
where organelles have re-aggregated. In both wild types a range of different stomatal lineage cell types were detected from early GMCs to nascent GCs at the early
expanding sporophyte stage. (G) ppscrm1 epidermis with epidermal cells, but no GMCs, which was equivalent to wild-type in panel (E). (H) Fluorescent equivalent
to panel (G). (I) Gransden D12 wild-type (WT) displaying early GMC cells with accompanying (J) fluorescence shot. (K–X) All images from plants in Gransden D12
background. (K) ppepf1 with three early GMC cells clustering adjacently with accompanying fluorescence image (L). (M) Bright-field and (N) fluorescence epidermal
images showing ppepf1 nascent early GC and adjacently clustering GMCs. (O) PpEPF1OE bright-field and (P) fluorescence epidermal images of an expanded early
GMC that may have undergone- or is in the process of- endoreduplication. (Q–X) Bright-field and fluorescence images of pptmm sporophyte epidermis’s showing
(Q,R) undifferentiated cells, (S,T) a putative early GMC pre-cursor, (U,V) an early GMC dividing toward (see asterisk) another GMC and (W+X) early GMCs clustering.
Blue dots represent a probable GMC pre-cursor, green dots represent early GMCs and the yellow dots represent dividing GMCs. Black dotted lines denote cell
plates. Scale bars = 25 µm.

developmental stage, no obvious stomatal lineage cells were
detected using bright-field or fluorescence microscopy. The
first developmental stage where stomata lineage cells were
clearly apparent (Figures 4C,D), was on sporophytes equivalent
to those in Figure 2C. As the young sporangium expanded
further (Figure 2D), in addition to maturing guard cells
with fluorescent cuticular pores (Figure 4D), other stomatal
lineage cells were also present (Figures 4E–L). These included
distinctively circular unexpanded cells that had radiating
epidermal cells surrounding them (Figure 4E). Based on
their orientation to other cells and lack of expansion, the
circular cells were probably GMC precursors. Although
we observed lots of variation in epidermal cell size and
orientation, we did not identify asymmetric entry divisions
equivalent to those described in the early stomatal lineage
of vascular land plants (Zhao and Sack, 1999), in agreement
with previous reports that such divisions are absent during
the very earliest stages of moss stomatal development
(Vaten and Bergmann, 2012).

Using our combined bright-field and fluorescence microscopy
technique, we characterized the developmental changes that
take place once a GMC is formed and subsequently then
undergoes an incomplete division to form a GC (Figures 4E–
N). For clarity, we defined pore opening, rather than cell plate
formation, as the point when a GC formed in P. patens. This
characterization is in line with the designation of guard cells in
Arabidopsis by Zhao and Sack (1999). We detected a number
of expanded oval shaped putative GMCs on the expanding
sporophyte (Figures 4F–H) in addition to the probable GMC
precursors discussed above (Figure 4E, also marked by blue dots
in the epidermal and sub-epidermal images shown in Figures 4I–
L). These cell conformations included; cells with prominent,
radially aligned circular bodies consisting of chloroplasts and
starch granules containing a centralized cell plate (Figure 4F
and marked by green dots in Figures 4I–L); cells with sparse,
fragmented cellular matter containing a central cell plate
(Figure 4G); and cells with densely fragmented cellular matter
(Figure 4H, and marked by yellow dots in Figures 4I–L
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FIGURE 7 | Altered anatomical stomatal functioning in response to different environmental surroundings in Physcomitrium patens. (A) Bright-field and
(B) fluorescence images of a nascent guard cell (GC) on an expanding sporophyte growing in wet conditions. Note. The occluded pore. (C) Equivalent bright-field
and (D) fluorescence images of a GC on an expanding sporophyte growing in dry conditions. The differences in fluorescence intensity between panels (B) and (D)
probably represent a difference in mucilage localization with (D) exhibiting receding mucilage. (E) An expanding sporophyte capsule with a darkened sub-epidermal
region with (F) corresponding stomata subsequently imaged close up. (G–J) Close-up bright-field and fluorescence images of expanded capsules grown under wet
(G,H) or dry (I,J) conditions. Note: in panels (I,J) the darkened sub-stomatal cavity and un-occluded pore. (K–N) Stacked and flattened images of capsules used to
image the stomata in panels (G–J). Note: the darkened cavities and increased fluorescence in (M,N) comparatively to (K,L). Scales bars are as follows:
(A–D,F–J) = 15 µm; (E,K–N) = 100 µm.

and Supplementary Figure S1). Using fluorescence imaging we
observed stomatal pores in oval cells with fragmented cellular
matter (yellow dots), but not in cells with circular organelles
(green dots, early GMCs) or those with sparse fragmented cellular
matter (late GMCs, Figures 4I–L, 5). The composition of the
observed fluorescent material is not known, but possibilities
include cutin or wax deposition in the pore wall and/or
pectin/mucilage build-up (Lee and Priestley, 1924; Isaac, 1941;
Smith, 1955; Sack and Paolillo, 1983; Pressel et al., 2014; Merced
and Renzaglia, 2017). Once incomplete symmetric division of a

GMC was finished, the cellular contents of GCs re-aggregated
(Figures 4M,N and Supplementary Figure S1). These data
suggest that enlarged GMCs (early GMCs) first develop with
aggregated circular organelles and/or starch granules which
then dissipate in late GMCs, before fragmentation of contents
occurs throughout the cell and pore formation occurs which
marks the differentiation from GMC to GC (Figure 4O). The
formation of the GC results in the re-assembly of the cell
contents and gradual browning and flavonoid formation as
the stoma matures.
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FIGURE 8 | ppsmf1 moss sporophytes do not possess darkened and vacuous sub-stomatal cavities when grown under dry conditions. For (A–P) plants and
corresponding sporophytes were taken from plates grown under the same conditions set out in Chater et al. (2016). (A) Mature brown intact Villersexel K3 wild-type
sporophyte capsule attached to parental gametophyte. (B) A stacked and flattened image of a sporophyte capsule base of panel (A) dissected and face upward.
(C) Close-up of stomata from sample in panel (B) illustrating darkening beneath the cavity. (D) Same capsule as in panels (A–C) mounted upside down to observe
underlying sub-stomatal cavity. The darkening can be seen lining the sub-stomatal cavity which extends from the open pore into the base of capsule. (E) Ruptured
brown Villersexel K3 sporophyte capsule attached to parental gametophyte. (F) A stacked and flattened image of the sporophyte capsule base in panel (E)
dissected and faced upward. (G) Close-up of stomata from panel (F) illustrating darkening beneath the cavity. (H) The same capsule as in panels (E–G) mounted
upside down. Darkening can again be seen lining large portions of the cavities which underlie the stomata. (I) Mature brown intact ppsmf1 sporophyte capsule
attached to the parental gametophyte. (J) A stacked and flattened image of the sporophyte capsule base in panel (I) dissected and face upward. (K) Close-up of the
astomate epidermis of ppsmf1. (L) The same capsule as in panesl (I–K) mounted upside down with no sub-stomatal cavities. (M) Ruptured ppsmf1 sporophyte
capsule attached to the parental gametophyte. (N) A stacked and flattened image of the sporophyte capsule base in panel (M) dissected and face upwards.
(O) Close-up of the astomate epidermis of ppsmf1. (P) The same capsule as in panel (O) mounted upside down with no sub-stomatal cavities. Scales bars are as
follows: (A,E,I,M) = 500 µm; (B,F,J,N) = 100 µm; (C,D,G,H,K,L,O,P) = 25 µm.

Whilst observing stomatal development, we noticed
meristematic activity in early GMCs (Figure 5). This was
in contrast to previous reports in which non-vascular land
plant GMCs always divide or differentiate directly to form
a GC or pair of GCs (Sack and Paolillo, 1985; Pressel et al.,
2014; Merced and Renzaglia, 2016). We found that when two
P. patens early GMCs formed adjacently, one of the GMCs had
the potential to undergo a GMC spacing division resulting in
the formation of an intervening spacer cell (SPC) (Figure 5).
During a spacing division, aggregated cellular organelles in the
dividing GMC were at first spread throughout the dividing cell
(see right GMC in Figures 5A,B). As the division occurred over
a 2 h-period, the organelles dissipated and migrated to the most
distal part of the dividing GMC as it moved away from the
previously adjacent GMC (Figures 5C–H). Meanwhile over the

same period, in the stationary GMC the aggregated organelles
dissipated (see left GMC in Figures 5C–H). Autofluorescence
profiles of the division, taken over the 2 h period, suggest that
both cells start at the early GMC stage, and at no point does pore
formation begin to occur (Figures 5B,D,H). These data indicate
that P. patens GMCs can undergo spacing divisions which
would enable more dynamic control over stomatal patterning
and development than previously thought. It remains unclear
whether renewed GMCs could undergo further meristematic
activity by undergoing additional GMC spacing divisions as it
was not possible to continue tracking the live dissected samples
over longer periods (Figure 5L). Similarly, it remains unknown
whether the SPC produced from a GMC spacing division could
maintain or revert to GMC identity and become a stoma, if
spacing permitted.
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Identifying Controllers of Cell Fate and
Polarity: Stomatal Development
Ontogeny in P. patens Development and
Patterning Mutants
To further understand P. patens stomatal development and
spacing processes at the molecular level, a reverse genetics
approach was taken and the development of stomatal mutants
generated in previous studies were studied (Caine et al., 2016;
Chater et al., 2016). Observations were taken at equivalent
developmental stages to the wild-type sporophytes in Figures 4,
5. Both ppsmf1 and ppscrm1 single deletion mutants failed to
form early GMCs (Figures 6A–H). We observed some small
cells in these lines, however, it was not possible to conclude
whether these were pre-cursors to GMCs or nascent epidermal
cells. Observations of ppepf1 sporophytes revealed contiguous
clustering of early and more advanced GMCs which were
irregularly orientated, possibly due to an inability to undergo
GMC spacing divisions (Figures 6K,N). Conversely, over-
expression of PpEPF1 produced early GMCs with ectopic
organelle formation indicative of endoreduplication, or
alternatively large areas without any early GMCs (Figures 6O,P).
Taking ppepf1 and PpEPF1OE phenotypes together, it appears
that PpEPF1 prevents cells adjacent to early GMCs from
assuming early GMC identity. Moreover, PpEPF1 appears
to govern early GMC spacing divisions by regulating GMC
duplication, and also assists in setting the correct orientation of
division (Figures 6K–P).

Mature pptmm mutant capsules exhibit a range of stomatal
patterning phenotypes which vary both between and within
individual sporophytes and between sporophytes (Caine et al.,
2016). pptmm phenotypes were tracked during early sporophyte
development (Figures 6Q–X). In the young pptmm epidermis,
there were zones devoid of stomatal precursors (Figures 6Q,R),
irregularly small GMCs (Figures 6S,T), early GMCs dividing
toward each other (Figures 6U,V), and areas with clustered
early GMCs with irregular cellular orientations (Figures 6W,X).
Overall, these phenotypes suggest that PpTMM is required
for the correct regulation of early GMCs in a number of
ways. PpTMM enhanced entry into the stomatal lineage by
promoting early GMC formation when no other GMCs were
present (Figures 6Q–T) and once early GMCs had formed,
PpTMM acted to prevent excessive ectopic spacing divisions
of early GMCs (Figures 6U,V). PpTMM also specified the
orientation of GMC divisions and regulated early GMC
identity in neighboring cells, thereby preventing clustering
(Figures 6U–X).

Growth in Wet or Dry Conditions
Influences the Fate of Mature P. patens
Stomata
As sporophyte capsules expanded (Figures 2C–F), guard cells
continued to develop, and once formed generated a pore linking
the sub-stomatal cavity with the surrounding environment
(Figure 7). We observed that when sporophytes matured under
wet conditions, GC pores were often occluded. When viewed

under UV light these plugged pores displayed an enhanced
autofluorescent haze, probably due to increased secretion
of mucilage (Figures 7A,B). Conversely, sporophytes which
matured under drier conditions (Figures 7C,D) had stomata
that typically displayed autofluorescence from the inner walls
of the GC pore and inner cavity (compare Figure 7D to
Figure 7B). In some instances, the sub-stomatal area become
darkened, perhaps due to dried mucilage (Figure 7E), and this
was evident even from a distance (Figure 7F). The stomata and
underlying cavities of fully expanded green-to-yellow capsules
often had plugged pores when grown under wet conditions, and
open pores with darkened cavities were frequently detectable
in capsules grown under dry conditions (Figures 7G,K,I,M).
Typically, the autofluorescence signals from “wet-grown” capsule
stomata arose from the clogged pore, whereas dry-grown capsules
emitted auto-fluorescence from the underlying sub-stomatal
cavities where mucilage had receded (compare Figures 7H,L with
Figures 7J,N).

To ascertain whether the darkening effect attributed to
drying mucilage also occurred in ppsmf1, which fails to
produce stomata or sub-stomatal cavities (Chater et al.,
2016), we examined dry-grown mature capsules prior to- and
after- sporophyte rupture (Figure 8). As expected, ppsmf1
presented no darkening in either mature intact or ruptured
sporophytes (Compare Figures 8A–H with Figures 8I–P).
This observation suggests that stomata are essential for the
induction of internal darkening during capsule dry-down in
P. patens. These observations help to explain the delayed
sporophyte rupture of ppsmf1 mutants (Chater et al., 2016)
and provide further evidence that bryophyte stomata play
an important role in capsule drying and spore dispersal
(Duckett et al., 2009; Pressel et al., 2014; Chater et al., 2016;
Merced and Renzaglia, 2017).

DISCUSSION

Building Increasingly Robust Stomatal
Developmental Modules
In Arabidopsis, as in most other land plants, stomata are spaced
by at least one intervening epidermal pavement cell (Hara et al.,
2007; Rudall et al., 2013; Caine et al., 2016). This is achieved
through orientated amplifying and spacing divisions of stomatal
precursors, so that stomatal lineage cells are typically bordered
by SLGCs or epidermal pavement cells (Geisler et al., 1998,
2000; Zhao and Sack, 1999; Figures 9A–C). EPF2 negatively
regulates SPCH-SCRM/2 activity in the early stages of the
stomatal lineage; EPF1 negatively regulates MUTE-SCRM/2 as
meristemoids transition to GMCs; and TMM is required for
EPF signal transduction (Hara et al., 2007; Hunt and Gray,
2009; Qi et al., 2017). Our observations indicate that mosses
also influence stomatal patterning via orientated asymmetric cell
divisions, albeit at the early GMC stage, and this is regulated
by a similar molecular signaling pathway: The one moss EPF
(PpEPF1) and RLP (PpTMM) are both required for correct
stomatal spacing (Figures 4, 5, 6I–X, 9D–F). PpSMF1 and
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FIGURE 9 | Contrasting stomatal development in Arabidopsis thaliana and Physcomitrium patens. In Arabidopsis, asymmetric entry (A), spacing (B), and amplifying
(C) divisions are regulated by SPEECHLESS (SPCH) and ICE1/SCREAM (SCRM) or SCRM2. In all three types of divisions, SPCH activity is under
phospho-regulatory control, and this occurs via the MAPK pathway. The MAPK pathway facilitates signals from the plasma membrane exterior to be transduced into
the nucleus. ERECTA family proteins [particularly ERECTA (ER)], modulated by TOO MANY MOUTHS (TMM) convey such signals. If the EPIDERMAL PATTERNING
FACTOR (EPF), EPF2 successfully binds to ER then stomatal lineage entry is inhibited. If the EPF-like (EPFL) peptide, EPFL9 binds, the MAPK pathway activity is
reduced, allowing the SPCH-SCRM/2 heterodimers to initiate asymmetric divisions from meristemoid mother cells (MMC), leading to new meristemoid formation
[see red cell in entry (A) or spacing (B) division], or the renewal of an existing meristemoid [see red cell in amplifying (C) divisions]. SPCH also upregulates EPF2 and
thus regulates its own activity through negative feedback. Later MUTE, together with SCRM/2, orchestrates the advancement of the meristemoid to GMC, and then
participates in the GMC division. EPF1 inhibits MUTE activity and EPFL9 promotes it, again via elements of a MAPK pathway. What drives EPF1 expression is still
unclear. Lastly, FAMA together with SCRM/2 permits correct GC identity and this stage is also governed by various elements of the MAPK pathway. Typically EPF2 is
secreted from meristemoids during early stomatal development, primarily to restrict SPCH activity in neighboring stomatal lineage cells [see translucent blue circles
around meristemoids in panels (A–C)]. EPF1 is secreted later during the meristemoid to GMC transition, and continuing into GMC division [see translucent light blue
circles around GMCs in panels (A,B)]. (D) PpSMF1 and PpSCRM1 both facilitate stomatal lineage advancement to an early GMC. This may also include promoting
early GMC pre-cursor fate. PpTMM promotes the initial formation of GMCs, and PpEPF1 may also be involved by preventing initial cells from obtaining early GMC
fate. These signals are probably conveyed by a number of PpERECTA proteins (Caine et al., 2016) and a MAPK pathway. PpEPF1 function could normally take place
once an initial GMC has been specified, although further work is required to establish whether this is the case. Downstream of the early GMC formation it is unclear
as to what, if any, roles PpSMF1 and/or PpSCRM1/2/3/4 undertake. All lines which are dashed are hypothesized mechanisms as are the functions of proteins which
are followed by question marks. (E) Secondary patterning occurs when early GMC cells may secrete PpEPF1 (blue circles) to signal to nearby early GMC pre-cursor.
PpTMM, on the early GMC pre-cursor (green sticks), probably transduces PpEPF1 signal and thereby preventing adjacent early GMCs from forming. (F) GMC
asymmetric spacing divisions occur when two early GMCs concurrently arise next to each other, maybe from cells which concurrently differentiate from GMC
pre-cursor origin. PpEPF1 may be secreted by both early GMCs, and via PpTMM signaling assists in the orientation of division so that GMCs are not touching. The
spacing division can then unfold and cellular organelles move in a polar fashion to the distal part of the dividing cell. This will eventually lead to GMCs which are
separated via a spacer cell (SPC). PpEPF1 presence with PpTMM ensures these processes occur in the correct orientation. It is unclear whether the new SC has the
capability to re-enter the stomatal lineage.

PpSCRM1 are also necessary, as without these transcription
factors there is no GMC formation.

A key difference between the Arabidopsis asymmetric
divisions and the observed P. patens spacing division mechanism
(Figures 5, 6) is that Arabidopsis has the ability to undergo
such divisions prior to GMC formation; a stage which is
characterized in both species by small cells with aggregated
chloroplasts (Lucas et al., 2006; Figures 4, 9). This post-
ponement of the GMC state in angiosperms may have
been made possible by the duplication(s) of members of

both the SMF and EPF gene families. In particular, the
evolution of EPF2 and SPCH genes enabled earlier temporal
control of asymmetric divisions (compare Figures 9A–C
with Figures 9D,F), which led to greater developmental
plasticity and more accurately spaced stomata. In some
respects, PpEPF1 behaves similarly, to both EPF2 and EPF1
in that it functions to prevent neighboring cells of early
GMCs, such as GMC pre-cursors, from becoming early
GMCs. This is similar to how both EPF2 and EPF1 regulate
Arabidopsis MMCs and SLGCs which neighbour meristemoids
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and GMCs (compare Figures 9B,E). On the other hand,
PpEPF1 also shows similarity with EPF2 functionality during
amplifying divisions to maintain cell fate (Figures 9C,F).
This is because, as highlighted, although ectopic early GMC
divisions occur in ppepf1 plants (see Figures 5M,N), instead
of terminating as small cells as in epf2 plants, the early GMCs
of ppepf1 carry on to become stomata and, hence, contiguous
clustering occurs (Hara et al., 2009; Hunt and Gray, 2009;
Caine et al., 2016).

Whilst we show PpSMF1 and PpSCRM1 regulate early GMC
formation (Figures 6A–H), we are unable to confirm that
these proteins also play a part in GMC precursor formation
and the GMC symmetric division leading to GC formation.
Interestingly, the E-box DNA binding domain of FAMA,
which is integral for GC formation in Arabidopsis, is also
present in PpSMF1 (Chater et al., 2016), and complementation
studies in both Arabidopsis mute and fama have shown that
PpSMF1 can partially rescue both mutant lines (MacAlister
and Bergmann, 2011). Further functional motif studies are
required to understand the ancestral roles of SMF and
SCRM bHLHs, and their divergence and specialization across
stomatal evolution.

Our data suggest that a more complex form of stomatal
patterning exists in P. patens than was previously thought.
We propose that moss GMCs have the capacity to
alter their cell fate, rather than directly transitioning
to GCs they may instead undergo asymmetric spacing
divisions. This differs from the situation reported in the
closely related Funaria hygrometrica, where stomata are
exclusively spaced via divisions of close-by epidermal
cells (Merced and Renzaglia, 2016). Our analysis of
ppsmf1 and ppscrm1 capsules illustrates that GMCs only
form when both of these key bHLH genes are present;
no early GMCs were found in either of the mutant
backgrounds throughout sporophyte development. This
confirms that the early GMCs involved with P. patens
spacing divisions (Figure 5) are indeed GMCs, and not
undifferentiated epidermal cells that integrate correct
stomatal patterning post-GC formation, as described in
F. hygrometrica.

For ancient sporophytes, the evolution of a GMC spacing
division would have permitted a more refined regulation
of stomatal development. Later, as plant lineages evolved,
regulatory control may have been modified to enable asymmetric
entry divisions prior to the formation of the GMC. This
would have enabled stomatal development to be corrected
at an earlier time-point, thereby further optimizing stomatal
placement. At the molecular level this is particularly evident
in SPCH evolution, as this gene (and encoded protein) has
many regulatory points that govern if and when stomatal
development is initiated (Lampard, 2009; Sugano et al.,
2010; Gudesblat et al., 2012; Tricker et al., 2012; Chater
et al., 2017; Lau et al., 2018). As photosynthetic capacity
became more important to increasingly large sporophytes,
perhaps EPFL9-type genes evolved to enable signals from the
mesophyll to be more tightly integrated into the stomatal
development module.

Further Considerations for Stomatal
Function in P. patens
It has been proposed that stomata are “monophyletic” structures
across land plants (Raven, 2002; Caine et al., 2016). However,
the possibility of convergent evolution of stomata across plant
groups has also been argued (Raven, 2002; Pressel et al.,
2014). Recent molecular and physiological analyses suggest that
the mechanisms of stomatal function and development are
broadly conserved across land plants (Chater et al., 2011, 2016;
Ruszala et al., 2011; Doi et al., 2015; Lind et al., 2015; Caine
et al., 2016; Harris et al., 2020). However, in earlier diverging
lineages including the bryophytes, the divergent physiology
and functions of stomata continue to be debated (Duckett
et al., 2009; Chater et al., 2011, 2013, 2016; Pressel et al.,
2014; Field et al., 2015; Chen et al., 2016; McAdam and
Brodribb, 2016; Hõrak et al., 2017; Grantz et al., 2019). While
this matter requires further study, it has become clear that
for bryophytes stomata are important in aiding sporophyte
drying and subsequent rupture for dehiscence, leading to spore
dispersal (Duckett et al., 2009; Merced and Renzaglia, 2013;
Chater et al., 2016), and our anatomical observations here
further support this.

In addition to aiding capsule drying, it has been suggested
that the positioning of stomata around the base of moss spore
capsules may also aid in water and nutrient uptake from
the parent gametophyte (Haig, 2013). Moreover, owing to
stomata being positioned above spongy tissues, it has been
further suggested that they may be important in permitting
gas exchange for photosynthesis (Merced and Renzaglia, 2013).
Our observations suggest that the function of moss stomata
might also vary depending on the environment in which a
given capsule develops, and this is related to whether stomata
become occluded or not. In wet environments, stomata readily
become plugged with auto-fluorescent cuticular material that
perhaps prevents water and/or pathogens entering sub-stomatal
cavities (Figure 7). Whether this inhibits gaseous exchange
and impacts on matrotrophy is unknown. Conversely, in
drier habitats, stomata are often open as the sporophyte
capsule enlarges, perhaps enhancing expanding sporophyte
gas exchange and water and nutrient acquisition from the
parental gametophore (Figures 7, 8). We suggest that the
darkening of drying capsules is a result of receding mucilage
and related to the material observed in hornwort stomata
that may assist in capsule rupture (Pressel et al., 2014). Our
data support this assumption, as ppsmf1 capsules lacking
stomata and their cavities demonstrate delayed rupture
(Chater et al., 2016) and do not undergo sub-epidermal
darkening (Figure 8). Taken together, these observations
suggest that bryophyte stomata, like the stomata of vascular
plants, permit the controlled release of water, and thereby
enhance the efficiency of mature capsule drying and rupture,
and increasing the distance of spore dispersal. For P. patens,
an ephemeral moss of riparian habitats, this may translate
into the improved fitness of an individual by increasing the
probability for spores to reach aqueous environments such as
rivers and lakes.
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Because stomata in bryophytes are uniquely located on sporangia, the physiological and
evolutionary constraints placed on bryophyte stomata are fundamentally different from
those on leaves of tracheophytes. Although losses of stomata have been documented
in mosses, the extent to which this evolutionary process occurred remains relatively
unexplored. We initiated this study by plotting the known occurrences of stomata loss
and numbers per capsule on the most recent moss phylogeny. From this, we identified
40 families and 74 genera that lack stomata, of which at least 63 are independent
losses. No trends in stomata losses or numbers are evident in any direction across
moss diversity. Extant taxa in early divergent moss lineages either lack stomata or
produce pseudostomata that do not form pores. The earliest land plant macrofossils
from 400 ma exhibit similar sporangial morphologies and stomatal distribution to
extant mosses, suggesting that the earliest mosses may have possessed and lost
stomata as is common in the group. To understand why stomata are expendable
in mosses, we conducted comparative anatomical studies on a range of mosses
with and without stomata. We compared the anatomy of stomate and astomate taxa
and the development of intercellular spaces, including substomatal cavities, across
mosses. Two types of intercellular spaces that develop differently are seen in peristomate
mosses, those associated with stomata and those that surround the spore sac. Capsule
architecture in astomate mosses ranges from solid in the taxa in early divergent lineages
to containing an internal space that is directly connected to the conducing tissue and
is involved in capsule expansion and the nourishment, hydration and development of
spores. This anatomy reveals there are different architectural arrangements of tissues
within moss capsules that are equally effective in accomplishing the essential processes
of sporogenesis and spore dispersal. Stomata are not foundational to these processes.

Keywords: stomata, mosses, guard cells, intercellular space, capsule, land plant evolution

INTRODUCTION

Stomata in bryophytes are located on sporangia and are restricted in their occurrence across
phylogeny. Liverworts are the only extant land plants that lack stomata entirely, while stomata are
widespread but not ubiquitous in hornworts and mosses. With contemporary phylogenies pointing
to hornworts as the earliest divergent bryophyte group (Puttick et al., 2018; Renzaglia et al., 2018),
stomata are best interpreted as plesiomorphic in land plants, especially given that Leiosporoceros,
the sister taxon to other hornworts, possesses stomata. Within the small hornwort clade of 10–12
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genera there are two well-documented losses of stomata in
derived taxa (Renzaglia et al., 2017). In comparison, early
diversification of the moss assemblage apparently was not
dependent on the existence of stomata as Takakiales and
Andreaeopsida, two of the oldest moss clades, are stomata free.
Moreover, there are multiple moss orders and families that
include taxa with and without stomata. Clearly stomata are
not vital to the survival and were not required for the initial
radiation of bryophytes.

The sporadic occurrence of stomata in bryophytes calls into
question the role stomata play in the physiology and growth of
bryophyte sporophytes. Recent studies reveal that diurnal cycles
of opening and closing, and responses to ABA and desiccation,
which are key to water relations in tracheophytes, do not occur
in hornworts (Pressel et al., 2018). However, substomatal cavities
and intercellular spaces that are necessary for functional stomata
are always present in mosses and hornworts with stomata, while
species without stomata do not have substomatal spaces (Goffinet
et al., 2009; Merced and Renzaglia, 2017). Intercellular spaces
are common in different tissues of land plants, and in some
bryophytes are present in both gametophyte and sporophyte
generations, suggesting that spaces originated multiple times
in the evolution of plants (Duckett and Pressel, 2018). In
tracheophytes, intercellular spaces in the form of spongy tissue
are coordinated with the presence of functional stomata to
facilitate gas exchange (Dow et al., 2017; Lundgren et al., 2019).

In order to better understand the evolution of stomata within
mosses, we traced the number per capsule, and known absence
of stomata across the range of moss diversity. Due to the lack
of stomata in early divergent moss lineages, we examined the
fossil record on early land plants for clues to the origin of the
moss capsule with and without stomata. We tested the hypothesis
that stomata were lost repeatedly throughout the history of
mosses and not restricted to derived taxa. We further speculated
that stomatal losses were accompanied by anatomical and
developmental modification within the sporophyte. Accordingly,
we identified architectural features that characterize sporophytes
with and without stomata and documented the development of
intercellular spaces, including substomatal cavities. Anatomical
and developmental analyses identify two distinct types of internal
spaces in mosses and document the loss of peripheral spaces
strictly associated with guard cells and the retention of internal
spaces in taxa without stomata. Our anatomical studies point
to modified architectural features that accompanied stomata loss
and led to fundamentally different, but equally effective, internal
hydration and capsule maturation.

MATERIALS AND METHODS

Plants and Specimens Examined
Moss capsules were collected locally in Southern Illinois over
the growing season to ensure observations of early and late
stages of development. Prepared blocks of capsules from species
not found in Illinois were sectioned and examined. Species
examined include the following, with the seven taxa lacking
stomata denoted by asterisks: Takakia ceratophylla∗, Andreaea

rothii∗, Sphagnum angustifolium∗, Polytrichastrum ohiensis,
Atrichum angustatum∗,Tetraphis pellucida∗,Diphysium foliosum,
Buxbaumia viridis, Physcomitrium pomiform, Physcomitrium
(Physcomitrella) patens, Funaria hygrometrica, Dicranum
scoparium, Orthotrichum pusillum, Plagiomnium cuspidatum,
Ephemerum spinosum, Leucobryum glaucum∗, Bartramia
pomiforme, Hypnum curvifolium, Brachythecium rutabulum,
Thuidium delicatulum, and Neckeropsis undulata.∗ A KNOX
mutant of P. patens that lacks stomata was acquired from
Dr. Neil Ashton.

Published records of fossils of the earliest land plants with
sporangia and stomata were examined for comparisons with
the morphology and anatomy of the extant members of early
divergent moss lineages. Fossil stomata were reproduced from
Edwards (1979) and Edwards et al. (1998) with permission.

Stomata Presence in the Phylogeny of
Mosses
We assessed the presence and absence of stomata by mapping
their occurrence across the most recent phylogeny of mosses (Liu
et al., 2019). An extensive literature review (Table 1) identified
genera and species that lack stomata, and confirmed the number
of stomata reported for members of each moss family, if known.
To determine the minimum number of losses in moss orders,
we counted the number of families that have genera that lack
stomata and assessed independent origin based on phylogenetic
relationships. If a genus has species with both states (present
and absent stomata) these were counted as independent losses.
Losses within different families were each scored as independent.
From these analyses, we estimate the minimum number and, in
some cases, maximum number (in parenthesis) of losses for each
order (Figure 1).

Light Microscopy, Electron Microscopy,
and Immunogold Labeling
Protocols are described in detail in Merced and Renzaglia (2013,
2014). Sporophytes of mosses were fixed in 2% glutaraldehyde
in 0.05M NaPO4 buffer, washed three times in 0.05M NaPO4
buffer and post-fixed for 20 min in 1% OsO4 in 0.05M NaPO4
buffer. Specimens were rinsed in distilled water and dehydrated
in a graded ethanol series ending with 100% ethanol. For
scanning electron microscopy (SEM), fixed capsules were critical
point dried and mounted on stubs, then sputter-coated for
230 s with palladium-gold. Specimens were observed using a
Hitachi S570 scanning electron microscope. For light microscopy
and transmission electron microscopy (TEM), specimens were
infiltrated with Spurr’s resin (Electron Microscopy Sciences,
Hatfield, PA, United States) or LR White resin (London Resin
Company, Berkshire, United Kingdom) and cured at 65◦C.
For light microscopy, semi-thin sections (250–750 nm) were
mounted on glass slides and stained with 1.5% toluidine blue
in distilled water. Slides were observed on a Leica DM5000
B compound microscope and images captured digitally. Thin
sections (60–90 nm) were collected on nickel grids, incubated
with 2% BSA in 0.02M PBS for immunogold labeling. Grids
were transferred to the LM19 primary antibody (diluted 1: 20
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TABLE 1 | Counts per capsule and 40 losses (counts of 0) of stomata in 69 families of mosses.

Family Stomata per capsule References (in Supplementary Material)

Oedipodiaceae 60 Paton and Pearce, 1957

Polytichaceae 0, 20, 40, 50–78, 80–120, 200, 250 Paton and Pearce, 1957; Duckett and Pressel, 2018

Tetraphidaceae 0, 5 Paton and Pearce, 1957

Buxbaumiaceae 20–30 Paton and Pearce, 1957, present study

Diphysciaceae 0, 10 Paton and Pearce, 1957; Schofield, 2007

Timmiaceae 30 Paton and Pearce, 1957

Disceliaceae 0, ? Paton and Pearce, 1957

Encalyptaceae 15, 30, 50 Paton and Pearce, 1957

Funariaceae 10, 14, 60, 160, 180, 200 Paton and Pearce, 1957; Duckett and Pressel, 2018

Catoscopiaceae 0, ? Paton and Pearce, 1957

Distichiaceae 8–12 Paton and Pearce, 1957

Scouleriaceae 0* Duckett and Pressel, 2018

Drummundiaceae 0, ? Vitt, 2007

Saelaniaceae 6 Paton and Pearce, 1957

Grimmiacea 0, 6–18, 30 Paton and Pearce, 1957; Hastings and Grevens, 2007;
McIntosh, 2007

Seligeriaceae 0, 4, 8 Paton and Pearce, 1957; Bartlett and Vitt, 1986; Andreas,
2013; Duckett and Pressel, 2018

Archidiaceae 0* Paton and Pearce, 1957

Fissidentaceae 0, 12 Paton and Pearce, 1957; Egunyomi, 1982; Pursell, 1987,
2007; Pursell et al., 1988

Ditrichaceae 0, 4, 6, 8–12 Paton and Pearce, 1957; Gradstein et al., 2001

Bruchiaceae 0, 70 Tong and He, 2002

Erpodiaceae 0, ? Gradstein et al., 2001; Milne and Klazenga, 2012

Schistostegaceae 0, 4, 5 Jennings, 1913; Paton and Pearce, 1957

Rhabdoweisiaceae 5–12 Paton and Pearce, 1957

Dicranaceae 0, 4, 6–20 Paton and Pearce, 1957; Gradstein et al., 2001; Duckett
and Pressel, 2018

Micromitriaceae 0, ? Crum and Anderson, 1981; Smith, 2004; Bryan, 2007

Leucobryaceae 0, ? Paton and Pearce, 1957; Gradstein et al., 2001

Calymperaceae 0, 2, 15 Egunyomi, 1982

Pottiaceae 0, 3–16 Paton and Pearce, 1957; Egunyomi, 1982; Zander and
Eckel, 1993; Abella et al., 1999; Gradstein et al., 2001

Pleurophascaceae 0, ? Fife and Dalton, 2005

Splachnaceae 20, 30, 40, 50, 60, 90 Paton and Pearce, 1957; Goffinet, 2012

Meesiaceae 30, 50, 70 Paton and Pearce, 1957

Bryaceae 15, 50–70, 90, 100, 120, 185 Paton and Pearce, 1957; Egunyomi, 1982; Duckett and
Pressel, 2018, present study

Mniaceae 8–20, 40, 45, 60, 180 Paton and Pearce, 1957, present study

Bartramiaceae 16, 28, 40, 45, 60, 70, 100, 220–240 Paton and Pearce, 1957

Orthotrichaceae 3–8, 12, 20, 40 Paton and Pearce, 1957, present study

Hedwigiaceae 0, 12, 24 Paton and Pearce, 1957; Vitt and Buck, 1984

Aulacomniaceae 6–12, 30 Paton and Pearce, 1957

Orthodontiaceae 14, 18 Paton and Pearce, 1957

Pterobryellaceae 0, ? Arzeni, 1954

Orthorrhynchiaceae 0, ? Klazenga, 2012a

Rhabdodontiaceae 0, ? Paton and Pearce, 1957; Hattaway, 1984

Ptychomniceae 0, 5, 10 Paton and Pearce, 1957; During, 1977; Hattaway, 1984

Daltoniaceae 10 Paton and Pearce, 1957; Gradstein et al., 2001

Hookeriaceae 18 Paton and Pearce, 1957

Pilotrichaceae 0, ? Paton and Pearce, 1957

Fontinalaceae 0* Paton and Pearce, 1957; Allen, 2015

Climaciaceae 12 Paton and Pearce, 1957

(Continued)
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TABLE 1 | Continued

Family Stomata per capsule References (in Supplementary Material)

Amblystegiaceae 6–50, 54, 80, 130, 200 Paton and Pearce, 1957; Cheney, 1897

Helodiaceae 20 Paton and Pearce, 1957

Leskeaceae 0, 4–6, 8, 20 Buck, 1981; Spence, 2015

Thuidiaceae 5, 24 Paton and Pearce, 1957; Egunyomi, 1982

Stereophyllaceae 0, 6, 23 Egunyomi, 1982

Brachytheciaceae 5–28, 30 Paton and Pearce, 1957

Myriniaceae 14 Paton and Pearce, 1957; Gradstein et al., 2001

Fabroniaceae 4 Egunyomi, 1982

Hypnaceae 3, 4, 5–10, 11, 16, 19–44 Paton and Pearce, 1957; Egunyomi, 1982, present study

Pterigynandraceae 8, 10 Klazenga, 2012b

Hylocomiaceae 6–15, 22 Paton and Pearce, 1957; Hedenäs, 2005

Plagiotheciaceae 0, 5–10, 14, 20 Paton and Pearce, 1957; Ireland, 2015

Entodontaceae 0, 8 Paton and Pearce, 1957; Gradstein et al., 2001

Pylaisiadelphaceae 4, 6, 8 Paton and Pearce, 1957; Gradstein et al., 2001

Sematophyllaceae 0, 4 Paton and Pearce, 1957; Fife, 2012

Cryphaeaceae 0, 12 Paton and Pearce, 1957; Gradstein et al., 2001

Leucodontaceae 0, 12 Paton and Pearce, 1957

Pterobryaceae 0* Yu and Jia, 2012

Neckeraceae 0, 4, 12, 14 Paton and Pearce, 1957; Gradstein et al., 2001

Leptodontaceae 0, 6 Paton and Pearce, 1957; Stark, 2015

Lembophyllaceae 0, 10–20, 90 Paton and Pearce, 1957; Tangney, 1997; Gradstein et al.,
2001

Anomodontaceae 0, 12 Gradstein et al., 2001

For families with losses (counts of 0), “?” denotes no reports of counts in stomata-containing members and * denotes no stomata-containing members. Counts greater
than 100 in six families are in bold and italicized.

in 2% BSA/PBS) for 3 h and controls (one grid each treatment)
were left in buffer during that time. All grids were rinsed in 2%
BSA/PBS, then incubated in goat anti-rat IgG secondary antibody
(Sigma- Aldrich, St. Louis, MO, United States) diluted 1: 20 in
2% BSA/PBS for 30 min. Grids were rinsed with PBS followed
by distilled/deionized autoclaved filtered water, and dried at
room temperature. Grids were observed unstained with a Hitachi
H7650 transmission electron microscope at 60 kV.

RESULTS

Stomata Presence and Number in the
Phylogeny of Mosses
Based on data mining from published literature, stomata are
absent in 74 genera and 40 families of mosses, accounting for at
least 63 independent losses in the phylogeny of mosses (Figure 1
and Supplementary Data). Nearly 60% (16 of 28) of the orders
of peristomate mosses have recorded losses of stomata. These
losses are equally present in acrocarps and pleurocarps with high
numbers in the Dicranales, Pottiales, and Hypnales (Figure 1).
As the sister taxon to peristomate mosses, Oedipodium represents
the earliest divergent moss lineage to possess stomata. Numbers
of stomata per capsule range from 0 to 250 (Figure 2 and Table 1),
with the vast majority of counts (40 of 54 = 74%) ranging from 3
to 30 (Figures 2C,D). Numbers above 200 are rare and recorded
only for three families, Polytrichaceae, Funariaceae (Figure 2B)
and Bartramiaceae, although many members of these family have

less than 70 stomata (Figures 2C,F) (Table 1). There are no
evident trends in numbers in either direction with divergence
time. For example, numbers vary in the first moss lineages
with stomata: in Oedipodium the 60 or so stomata are scattered
along the highly elongated neck and within the Tetraphidaceae,
Tetraphis lacks stomata and Tetradontium contains only five per
capsule. Members of the Polytrichales exhibit the extremes in
stomata numbers per capsule, with 200 and 250 in Polytrichum
and zero in three genera, Atrichum, Pogonatum, and Itatalia.

Structure of Early Divergent Moss
Capsules and Comparisons With Early
Fossil Plants
Capsules of extant mosses in early divergent lineages (Takakia
and Andreaea) lack stomata or contain over 100 pseudostomata
that do not form pores and are evenly dispersed across the capsule
epidermis (Sphagnales). These capsules lack apophyses, have
prominent central columellae and have solid tissue throughout
without air spaces (Figures 3A–C). Sporophyes of Andreaea
and Sphagnum have short setae, and are embedded in an
elongated pseudopodium of the gametophyte (Figures 3B,C).
Comparisons with the oldest fossil plants reveal similar capsule
morphology and stomatal arrangement/anatomy as in each of
these extant early divergent mosses (Figures 3D–J). Sporangia
of Tortilicaulis from the Silurian are spiraled and similar in
shape to Takakia (Figures 3D,E). Early Devonian sporangia
approximately 400 million years old demonstrate the occurrence
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FIGURE 1 | Phylogenetic of moss orders based on Liu et al. (2019). Orders in
red lack stomata, green have pseudostomata, black have stomata (no records
of losses), and blue have documented losses of stomata. Numbers in red
represent the minimum times stomata were lost and numbers in parentheses
indicate the maximum possible number of losses. The right column indicates
the number of families that include taxa without stomata, over the total
number of families in the order.

of stomata scattered cross sporangia (Figure 3G), resembling
the arrangement of pseudostomata in Sphagnum (Figure 3F),
and restricted to the base similar to extant mosses (Figure 3H).
In section, the stomatal complex of the earliest fossils have
guard cells with ledges and substomatal cavities much like
those of Oedipodium, the first moss group to possess stomata
(Figures 3I,J).

Anatomy of Peristomate Moss Capsules
Members of the Polytrichaceae have well-developed capsule
regardless of whether they lack stomata (represented by
Atrichum) or contain stomata (represented by Polytrichastrum

with 100+ stomata) (Figure 4). In Atrichum the capsule is
brown (reddish) when mature and cylindrical, and the short
calyptra is situated at the apex (Figure 4A). From the urn
down, the neck tapers toward the seta and there is no distinct
apophysis. In Polytrichastrum, the capsule is swollen throughout
with extensive internal spaces (Figures 4D,E). The distinct
apophysis is green with a constriction at the base where the
stomata are located. The calyptra covers the capsule up to
the constriction throughout development. Side-by-side sections
illustrate the arrangement of tissues, including air spaces, in
these closely related genera. Atrichum lacks peripheral spaces
including substomatal cavities (Figure 4B) that are abundant in
Polytrichastrum (Figure 4E). Chloroplasts line cells associated
with substomatal cavities (Figure 4G). A large internal air space
occurs in Atrichum at the base of the capsule and around the
entire spore sac (Figure 4F). This circumsporangial space forms
in the young capsule just interior to the solid capsule wall
in a zone between the amphithecium and endothecium, the
two primary embryonic regions (Figure 4B). In both genera,
a well-developed conducting strand of hydroids and leptoids
extends in the seta to the spore sac where it ends abruptly
and presumably fills the internal space with water and nutrients
(Figures 4F,I). Unlike Polytrichastrum that has stomata to draw
water toward the outside, the apophysis of Atrichum is covered in
a thick cuticle, which retards water loss through the epidermis
(Figure 4H). Capsule dehiscence through detachment of the
operculum follows drying of liquid in the circumsporangial space
and the constriction of the neck at the capsule base (Figure 4C).

Types and Development of Intercellular
Spaces
Anatomy of capsules with and without stomata reveals two types
of intercellular spaces: (1) the substomatal cavity and connected
spaces associated with stomata and (2) the circumsporangial
cavity that surrounds the spore sac and may extend into the
capsule neck and seta (Figures 4, 5, 6). No stomata-lacking
capsules have substomatal cavities and associated spaces but
all capsules of peristomate mosses examined in this study
possess circumsporangial cavities, regardless of whether they have
stomata or not (Figures 4F, 5, 6). As illustrated in Atrichum
(Figure 4F), Ephemerum (Figure 6A) and Brachythecium
(Figure 6B), circumsporangial cavities surround the developing
sporogenous tissue and are intimately associated with conducting
tissue (when present), which delivers water and food to the
developing spores. In some mosses that lack stomata, like
Leucobryum, this circumsporangial space is found only during
capsule development (Figure 5). The circumsporangial space
forms between the embryonic endothecium and amphithecium,
prior to the proliferation of sporogenous tissue, and extends the
length of the spore sac when the archesporium is a single cell layer
(Figures 4A, 5A). When the capsule is fully developed in taxa like
Leucobryum, no space is discernible due to capsule expansion and
spore differentiation (Figure 5B).

Both types of spaces, substomatal cavities and
circumsporangial spaces form in the spear stage just before
capsule expansion in mosses with stomata. In taxa with
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FIGURE 2 | Stomata diversity in mosses. (A) Atrichum angustatum light micrograph of stomata free epidermis. (B) Funaria hygrometrica SEM of apophysis covered
with ∼200 stomata. (C) Physcomitrium (Physcomitrella) patens 2 of 10 stomata in fluorescence. (D) Brachythecium rutabulum SEM of sparse scattered
stomata. Image credit: Jeffrey J. Duckett. (E) Plagiomnium cuspidatum SEM showing numerous sunken stomata on the apophysis. 60 stomata estimated in the
capsule. Image credit: Jeffrey J. Duckett. (F) Bartramia pomiforme group of stomata in fluorescence. 70 stomata estimated in the capsule. Bars: (A,C,F) = 20 µm,
(B,D,E) = 50 µm.

stomata, stomata and liquid-filled substomatal cavities form
in the expanding neck or apophysis before the sporogenous
tissue develops (Figure 7A). Circumsporangial spaces are not
associated with stomata and are found in all mosses during
development. They begin with the deposition of an electron-
dense fibrillar material (Figure 7B) that abundantly localizes with
the monoclonal antibody LM19, which recognizes unesterified
homogalacturonas pectin (Figure 7C). When the capsule begins
to expand and spaces become larger, the fluid inside the space
lacks substructure and no longer localizes with this antibody
(Merced and Renzaglia, 2016). Substomatal cavities, in contrast,
do not form in the absence of stomata and do not label with
LM19 early in development (not shown). Their development
is coordinated with differentiation of the guard mother cell
and before the division of guard cells and pore opening
(Figure 7D). The doughnut shaped guard cell of P. patens has a
small round pore (Figure 7E) and a very reduced substomatal

cavity (Figure 7F). P. patens sporophytes without stomata
have no substomatal cavities but the more internal liquid-filled
intercellular spaces are connected to the circumsporangial space
and remain throughout development (Figure 7G).

DISCUSSION

Extant members of early divergent moss lineages entirely lack
stomata (Takakiales and Andreaeales) or contain pseudostomata
as in Sphagnales. Pseudostomata are pairs of specialized
epidermal cells that lack cell wall ledges, do not completely
separate to form pores and do not have underlying cavities. They
collapse when mature, facilitating drying, capsule dehiscence
and spore dispersal, and have been interpreted as either
independent from stomata in origin (Duckett et al., 2009) or
as modified stomata (Renzaglia et al., 2007; Merced, 2015;
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FIGURE 3 | Capsule anatomy, pseudostomata and stomata in extant members of early divergent moss lineages, and sporangia and stomata of the first fossil land
plants. (A) Takakia ceratophylla. Light micrograph (LM) longitudinal section of solid cylindrical capsule with spore mother cells (SM), columella (Co) and conducting
strand (CS) in seta. (B) Andreaea rothii. LM longitudinal section of solid capsule with spores, columella (Co) and short seta (S) surrounded by gametophyte (G) tissue
of the pseudopodium. (C) Sphagnum tenellum. LM longitudinal section of solid capsule, covered by calyptra (C), with pseudostomata (P) in the epidermis, massive
columella (Co) covered by the spore sac, and highly reduced seta (S) embedded by foot (F) into gametophyte (G) pseudopodium. (D) Takakia ceratophylla capsule
with single spiraled suture and spores. (E) Tortilicaulis transwalliensis capsule from the Silurian resembles Takakia in (D). (F) Sphagnum tenellum SEM showing
scattered pseudostomata on dried capsule. (G) Early Devonian bivalved sporangium with scattered stomata (spots). (H) Early Devonian sporangium with band of
stomata (spots) at base. (I) Oedipodium LM cross section of neck with guard cells with ledges over substomatal cavity. (J) Aglaophyton major from Rhynie Chert.
Cross section of mature axis with stoma showing guard cells with ledges over substomatal cavity. Fossil images reproduced with permission from Journal of
Experimental Botany (Edwards et al., 1998) and Paleontology (Edwards, 1979). Bars: (A,E,H) = 100 µm; (B,G,J) = 50 µm; (C,F) = 500 µm; (D)= 200 µm,
(I) = 20 µm.

Merced and Renzaglia, 2017). Capsule anatomy in these three
ancient lineages reflects the absence of pores as intercellular
spaces are lacking and the capsule wall and columella are
solid throughout. All of these distinctive capsules are erect,
lack peristomes, do not contain a distinctive neck or swollen

capsule base (apophysis) where stomata are housed, and
disperse spores simultaneously with capsule dehiscence through
sutures. The early divergent mosses universally lack pore-
producing stomata. This includes the Sphagnales that produce
high numbers of pseudostomata (100–200 per capsule) that
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FIGURE 4 | Structure of Polytrichaceae capsule. (A–C,F,H) Atrichum angustatum that lacks stomata in left hand column. (D,E,G,I) Polytrichastrum ohiensis with
approximately 100 stomata in right hand column. (A) Long cylindrical red-brown mature Atrichum capsule with inconspicuous calyptra (C) on the top and tapering
neck region (arrow) connecting to seta. (B) LM cross section at the capsule urn showing solid capsule wall, developing sporogenous region (S) and circumsporangial
space (IS) forming between the capsule wall and spore sac. (C) Base of recently opened Atrichum capsule showing constriction of neck region (arrow) due to drying
in circumsporangial cavity and connecting space. (D) Two mature Polytrichastrum capsules, left without calyptra and right covered by calyptra (C). The capsule is
wide and green at the base where the calyptra ends and the narrowly constricted area of the apophysis houses stomata (arrow). (E) LM cross section at the
constriction with multiple stomata (arrows), subtended by substomatal cavities and associated intercellular spaces (IS), and central conducting strand (CS). (F) LM
longitudinal section at the junction between spore sac with spores (S) and neck. A large circumsporangial space (IS) extends just inside the solid capsule wall (CW),
along the length of the spore sac and downward into the neck. The conducting strand (CS) of hydroids (H) and leptoids (L) ends abruptly at the circumsporangial
space and spore sac. (G) LM longitudinal section at the constriction showing chloroplast rich cells next to spaces associated with substomatal region on the right
and the circumsporangial space to the far left. (H) Epidermis with thick walls and cuticle (arrow). (I) Prominent conducting strand in the apophysis with leptoids (L)
around hydroids (H). Bars: (A) = 0.5 mm, (B,E–G,I) = 50 µm, (C) = 0.2 mm, (D) = 1.0 mm, (H) = 20 µm.

have been interpreted as either independent from stomata in
origin (Duckett et al., 2009) or modified stomata (Merced,
2015; Merced and Renzaglia, 2017). Capsule anatomy reflects
the absence or pores as intercellular spaces are lacking

in Takakia, Andreaea, and Sphagnum and the capsule wall
and columella are solid throughout. All of these distinctive
capsules are erect, lack peristomes, do not contain a swollen
capsule base (apophysis) or distinctive neck where stomata
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FIGURE 5 | Leucobryum glaucum. LM longitudinal sections of astomate capsule. (A) Base of immature capsule where seta meets the neck covered by calyptra (C).
An inconspicuous fluid-filled intercellular space (IS) extends the entire length of the region between the amphithecium that forms the capsule wall, and the
endothecium (En) that consists of a prominent columella (Co) and developing spore sac with one layer of archesporium (A) (sporogeneous tissue). (B) Fully expanded
capsule. With development of the spore sac that contains 100s of spores (S), the columella (Co) has partially degenerated and the intercellular spaces are closed
(arrow) or residual (IS). Bars = 25 µm.

FIGURE 6 | Stomata-containing capsules showing internal circumsporangial space (arrows) that forms between the embryonic endothecium and amphithecium,
extends into the neck, and is involved in hydrating and nourishing the spore sac during development. (A) LM Ephemerum. (B) SEM Plagiomnium. Image credit:
Jeffrey J. Duckett. Bars: (A) = 35 µm; (B) = 50 µm.

are housed, and disperse spores simultaneously with capsule
dehiscence through sutures. Across mosses, the capsules of
Sphagnum and Andreaea (and Andreaeobryum not studied
here) are uniquely positioned on a gametophytic extension or
pseudopodium, not a sporophytic seta, and both generations
lack conducting tissues. Takakia resembles other mosses in
that gradual seta elongation elevates the capsule and there is
a strand of water conducting cells that ends at the capsule

base, albeit the cells in the strand are fundamentally different
in development, and structure from those of moss hydroids
(Renzaglia et al., 1997, 2000, 2007). These unique architectural
features preclude comparisons with more derived peristomate
mosses and suggest that true stomata evolved after mosses
diversified (Duckett and Pressel, 2018). Consequently, we turned
to the fossil record for clues as to when in moss evolution
stomata evolved.
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FIGURE 7 | Substomatal cavities and intercellular spaces. (A–D) Dicranum scoparium. (A) LM tangential section of expanding capsule showing stomata (arrow) and
associated intercellular spaces are liquid-filled (arrow heads). (B) TEM of circumsporangial space filled with dense filamentous material. (C) Immunogold labeling TEM
shows the liquid in the developing circumsporangial space is positive for the LM19 antibody that recognize homogalacturonan pectin (small black dots).
(D) Substomatal cavity begins to form before pore opening. (E,F) TEM micrographs of Physcomtrium patens. (E) Small round pore (arrow) of the single-celled
stoma. (F) Reduced substomatal cavity∗. (G) LM of liquid-filled intercellular spaces (arrowhead) that are part of the circumsporangial space and not associated with
the epidermis of a P. patens class 1 KNOX mutant that lacks stomata. Bars: (A) = 25 µm; (B,D–F) = 4 µm; (C) = 200 nm; (G) = 20 µm.

Because bryophytes exclusively bear stomata on sporangia,
we surveyed the literature on the oldest fossil land plants with
reference to sporangia and the occurrence, structure and anatomy
of stomata. Fossil plants from the Silurian and early Devonian
demonstrate that the range of variability in sporangia seen
in extant mosses existed approximately 400 million years ago.
These earliest fossil sporangia both bore stomata and lacked
stomata, e.g., Tortilicaulis, which has a twisted sporangium
that is remarkable similar to Takakia (Renzaglia et al., 1997,
2017; Edwards et al., 1998). The oldest fossil sporangia were
valvate and contained stomata evenly dispersed on the surface
similar to pseudostomata of Sphagnum, or aggregated at the
base in a location that is reminiscent of those on moss necks
and apophyses. Details of fossil stomata reveal guard cells and
internal anatomy similar to that in Oedipodium, the first moss
lineage with stomata. Based on the existence of stomata on
sporangia in the first plant macrofossils and the similarities with
architectural features of early mosses, it is quite possible/likely
that stomata existed on moss capsules prior to the diversification
of peristomate mosses, which occurred over 100 million years
after mosses originated (Newton et al., 2009). Indeed, the
estimated median stem age of Takakia and Sphagnum based on
the oldest fossil land plants is 465 Ma, while those for Tetraphis
and Oedipodium are 309 and 298 Ma, respectively (Laenen et al.,
2014). This line of evidence identifies stomata on sporangia that
resemble moss capsules when stomata first appeared in the fossil

record. Early plant fossils and the high incidence of stomata
loss in extant mosses are consistent with the hypothesis that
stomata evolved once in bryophytes and were lost repeatedly
during diversification, including in early divergent lineages and
along the entire moss phylogeny.

Losses of stomata in peristomate mosses are numerous and
widespread throughout acrocarps and pleurocarps (Figure 1).
Minimally we identify 40 families and 74 genera in which stomata
are absent. Of these, 63 are estimated to be independent losses
based on phylogenetic relationships. This is a low estimate given
the scant record of descriptions and counts of stomata in mosses.
Stomata are first seen in the Oedipodiaceae, Tetraphidaceae
and Polytrichaceae. The first family includes the single genus
Oedipodium, which has the most elongated neck found in
any moss and contains approximately 60 stomata (Shaw and
Renzaglia, 2004). Both genera in the Tetraphidaceae have erect
cylindrical capsules with simple anatomy and minimal neck.
Tetrodontium contains five stomata while Tetraphis has none and
has an anatomy at the short neck that is devoid of air spaces.

With 3–30 stomata in 74% of moss families (40 of the
54 families based on published counts), stomatal numbers
per capsule are relatively low in most mosses. Only 9% of
families with counts have more than 100 stomata per capsule.
Four families include no members with stomata. Even in the
groups with high numbers of stomata there are species with
single digit to zero stomata. In general, higher numbers of
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stomata are found in sporophytes with larger capsules, but
capsules devoid of stomata are variable in size (Paton and
Pearce, 1957). In the Polytrichaceae, for example, stomata-free
capsules of Atrichum and Pogonatum are similar in length
to those of Polytrichum, which has up to 250 stomata per
capsule (Smith Merrill, 2007). Ecological factors do not explain
the absence of stomata either as these taxa often occur side
by side along forest floors. In some cases, losses of stomata
appear to be associated with capsule reduction. For example,
in the Pottiaceae, a transformational series of capsule and seta
reduction is associated with high incidences of stomatal losses
that have been reported in eight genera (Zander and Eckel,
1993). In other instances, stomatal numbers are relatively low
but no known instances of loss have been documented. In the
Orthotrichaceae, for example, capsules that are immersed in
protective leaves still possess stomata (Merced and Renzaglia,
2017) and cleistocarpic capsules of Ephemerum and P. patens
also have stomata (Merced and Renzaglia, 2013). A clear trend
is the absence of stomata in aquatic bryophytes, e.g., Fissidens
subg. Octodiceras and Fontinalis (Supplementary Data) or semi
aquatic taxa when submerged.

Anatomy and development are foundational for
understanding plant structure/function relationships and
evolution. Our examinations of the internal organization of
tissues and their development in capsules confirm that the mosses
in early divergent lineages, Takakia, Andreaea and Sphagnaceae,
lack any type of intercellular space in the sterile tissue of the
capsule, and that peristomate mosses possess intercellular spaces
some time in development even if stomata are absent (Duckett
and Pressel, 2018). Although these spaces in mosses begin
development with the secretion of a fluid-filled matrix, we
demonstrate the existence of two distinct types of intercellular
spaces in moss capsules. The first is the substomatal cavity
associated only with stomata. The second is a circumsporangial
space that extends between the spore sac and capsule wall
and is involved in capsule expansion during sporogenesis. In
many capsules with stomata such as Funaria, circumsporangial
spaces extend into the apophysis and eventually connect with
substomatal cavities, forming an elaborate system of internal
spaces (Merced and Renzaglia, 2016).

We identify different origins for the two types of intercellular
spaces in moss capsules. Substomatal cavities begin to develop at
the spear stage in concert with guard cell differentiation before
sporogenesis. The formation of substomatal cavities involves
deposition of a fluid in the cavity that does not localize for
pectins, suggesting it is not mucilaginous in nature (Merced and
Renzaglia, 2014, 2016). These cavities are necessary for guard
cells to separate, develop their unique walls, and for the pore
to form. The extent of the system of substomatal cavites and
circumsporangial space is related to the size of the capsule or
apophysis where stomata are present. This is exemplified in the
large capsules of Oedipodium, Funaria, and Polytrichum with
extensive interconnected systems of substomatal cavities and
underlying intercellular spaces versus the reduced capsules of
Ephemerum and P. patens that have small substomatal cavities
and a reduced circumsporangial space (Merced and Renzaglia,
2013, 2014, 2016). No mosses without stomata, including stomata

free mutants of P. patens, form cavities directly beneath the
epidermis that compare with substomatal cavities. Similarly, the
absence of substomatal cavities in Sphagnales coincides with the
absence of pores in pseudostomata.

In tracheophytes, stomata and intercellular spaces are
coordinated throughout development to maximize gas exchange
and minimize water lost. The molecular mechanisms controlling
air spaces and stomata placement are now being elucidated, and it
is hypothesized that feedback signaling between stomata and air
spaces influences mesophyll arrangement (Baillie and Fleming,
2020). In mutant wheat plants with arrested stomata, when guard
cells fail to divide and do not form a pore, no substomatal
cavity is formed (Lundgren et al., 2019). This is similar to what
we observed in mosses without stomata, i.e., that substomatal
cavities fail to form. The loss of pore formation in Sphagnum and
lack of intercellular spaces is consistent with an interpretation
that pseudostomata are modified stomata (Merced, 2015).

Unlike substomatal cavities, circumsporangial spaces form in
all capsules of peristomate mosses regardless of whether they have
stomata or not. This internal space develops with the deposition
of fluid that results in an expanding schism between capsule
wall and spore sac. As illustrated in the immature Leucobryum
and mature Atrichum, Ephemerum and Plagiomnium capsules,
the circumsporangial space extends around the entire spore
sac, providing a protective and nutritive matrix during spore
differentiation. Unlike substomatal cavities, the fluid in this
internal space contains pectins as labeled by the LM19 antibody,
suggestive of mucilage, and evidence that the two types of spaces
are developmentally and genetically independent. The antibody
LM19 recognize epitopes of unesterified homogalacturonan,
pectin, a polymer found in cell walls of all land plants that is
an important component of guard cell walls and mucilage of
bryophytes and angiosperms (Merced and Renzaglia, 2014, 2019;
Renzaglia et al., 2017).

The separation zone that forms the circumsporangial space
is determined in the formative stage of embryogenesis at the
time of delineation of the endothecium, which develops into
the spore sac plus columella, and amphithecium that forms the
capsule wall (Smith, 1955). In comparison, intercellular spaces
in hornwort sporophytes are associated with stomata only and
are therefore lacking in the two hornwort clades that have lost
stomata (Renzaglia et al., 2017). That no circumsporangial space
occurs in hornworts is easily explained by the continued and
gradual maturation of the cylindrical sporophyte from a basal
meristem upward. Unlike in mosses, there is no massive capsule
expansion in width in hornworts. Moreover, formative divisions
in hornworts do not mimic those in mosses as the amphithecium
gives rise to the sporogenous tissue and endothecium, while
the endothecium produces only the columella (Renzaglia, 1978).
Developmentally there are few similarities between moss and
hornwort sporophytes, thus stomata loss is associated with
different anatomical modifications in the two bryophyte clades.

The astomate capsule of Atrichum provides abundant clues
to the potential role of the internal spaces in moss capsules. In
this plant, large spaces remain around and below the spore sac
throughout development. These are fluid-filled from their origin
and dry following capsule expansion and spore maturation. The
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circumsporangial spaces are strategically positioned around and
above the sporogenous tissue at the region where the central
strand of conducting tissue abruptly ends in the neck. The neck
in turn consists of tightly packed cells with an epidermis covered
by a thick cuticle. Based on this architecture, it is reasonable
to deduce that water and dissolved photosynthate that is drawn
up to the top of the neck fills the space around the spore
sac. In this arrangement, sporogenous tissue is hydrated and
provided with a constant source of nutrients. Unlike the neck
or apophysis of stomata-containing mosses, there is no potential
for a transpirational pull of water up and out of the capsule.
Rather, water and solutes are sequestered around the developing
spores, and resources are utilized and replenished as needed. This
path from source to sink is unidirectional and draws nutrients
and water from the gametophyte through the placenta and into
the capsule throughout differentiation. The greater loss of water
in astomate Atrichum capsules than in stomata bearing taxa as
reported by Duckett and Pressel (2018) can be explained by the
directed and constant use of water and nutrients in this closed
systems. In the final stages of capsule differentiation, the fluid
dries in the circumsporangial space, compressing the capsule urn
and neck, and resulting in the detachment of the operculum and
progressive spore release throughout the season.

A dearth in developmental and structural studies of moss
capsules has limited comparisons across the group, making the
role of specific anatomical structures in capsule function difficult
to interpret. For example, there are many genera for which
stomata occurrence and counts are not recorded. The existence
and arrangement of key tissues such as conducting tissue are
not adequately documented. Consequently, it is not verified but
only speculated that hydroids occur in most moss setae (Hébant,
1977). There are mosses such as Orthotrichum that possess
stomata but do not have conducting tissue in the sporophyte.
Grimmia, in contrast, has been reported to have conducting tissue
in the gametophyte but none in the sporophyte, while Buxbaumia
has hydroids but no leptoids solely in the sporophyte. How these
anatomical differences impact nutrient movement and capsule
function are in need of further studied.

Coupled with our morphological and anatomical
observations, recent studies on physiology and genetics are
providing a comprehensive picture of function and evolution of
stomata in bryophytes (Chater et al., 2017). Moss and hornwort
stomata do not respond to environmental and endogenous cues
including light intensity, water status, abscisic acid, plasmolysis,
and physical damage as do angiosperm stomata (Pressel et al.,
2018). In bryophytes there are no mechanisms for stomatal
pores to open and close and ion changes are the same in all
epidermal cells (Sussmilch et al., 2019). The preponderance of
recent evidence suggests that stomata play a strategic role in
capsule maturation, drying, and dehiscence without any active
regulation of water loss.

The function of moss capsules in nourishing, hydrating,
protecting, and dispersing spores occurs regardless of whether
stomata are present. Stomata have been eliminated in over 60
moss genera/lineages in capsules that are highly modified in
anatomy compared with their stomata-bearing relatives. The
repeated and numerous evolutionary events that reduced and

eliminated stomata on moss capsules point to the fact that
unlike in tracheophytes where stomata loss is rare and restricted
in occurrence (Keeley et al., 1984; Woodward, 1998), stomata
are not necessary for mosses. The loss of stomata has no
major consequences for the physiology of the sporophyte but
results in delayed maturation and dispersion of spores in
stomata-less mutants of P. patens (Chater et al., 2016, 2017).
Capsule architecture in mosses without stomata ranges from
solid in taxa in early divergent lineages to containing an
internal circumsporangial space that is directly connected to
the conducing tissue and is involved in capsule expansion and
the nourishment, hydration and development of spores. This
anatomy reveals there are different architectural arrangements
of tissues within moss capsules that are equally effective in
accomplishing the essential processes of sporogenesis and spore
dispersal. Stomata are not foundational to these processes.
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High rates of water loss in young, expanding leaves have previously been attributed to 
open stomata that only develop a capacity to close once exposed to low humidity and 
high abscisic acid (ABA) levels. To test this model, we quantified water loss through 
stomata and cuticle in expanding leaves of Quercus rubra. Stomatal anatomy and density 
were observed using scanning electron microscopy. Leaves of Q. rubra less than 5 days 
after emergence have no stomata; therefore, water loss from these leaves must be through 
the cuticle. Once stomata develop, they are initially covered in a cuticle and have no outer 
cuticular ledge, implying that the majority of water lost from leaves in this phase of 
expansion is through the cuticle. Foliar ABA levels are high when leaves first expand and 
decline exponentially as leaves expand. Once leaves have expanded to maximum size, 
ABA levels are at a minimum, an outer cuticular ledge has formed on most stomata, 
cuticular conductance has declined, and most water loss is through the stomata. Similar 
sequences of events leading to stomatal regulation of water loss in expanding leaves may 
be general across angiosperms.

Keywords: plant cuticle, Quercus-oak, leaf development, abscisic acid, stomatal development, stomata, plant 
physiology, cuticle development

INTRODUCTION

Expanding leaves are highly sensitive to abiotic stresses including drought stress (Hsiao and 
Xu, 2000; Pantin et  al., 2012). Yet, somewhat paradoxically, there are reports of extremely 
high rates of evaporation from young, expanding leaves (Pantin et  al., 2013). High rates of 
water loss in young leaves have been attributed to open stomata that are unable to close 
because they lack sensitivity to abscisic acid (ABA) (Pantin et  al., 2013). A major assumption 
in this model is that the physical characteristics of expanding leaves are similar to those of 
fully developed leaves. However, several factors challenge this assumption. Cell turgor dynamics 
are different between expanding and fully developed leaves, with expanding leaves maintaining 
high cell turgor essential for both cell expansion and the supply of nutrients to developing 
tissues (Shackel et  al., 1987; Hsiao and Xu, 2000; Liu et  al., 2003; Siebrecht et  al., 2003; 
Sansberro et  al., 2004). Cell walls in expanding leaves must be  highly flexible to allow for 
cell expansion (Schultz and Matthews, 1993), but normal stomatal function requires rigid cell 
walls (Buckley et  al., 2003). In addition, the cuticle, a waxy layer that forms on the outer 
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wall of the epidermal cells of all terrestrial plants (Raven, 
1984; Gülz, 1994; Schreiber and Riederer, 1996), has been 
dismissed as a major source of water loss in expanding leaves 
(Pantin et  al., 2013). This is despite reports that cuticular 
conductance can be  very high in young leaves and decreases 
during leaf expansion (Hamerlynck and Knapp, 1996; Hauke 
and Schreiber, 1998). These ontogenetic changes may reflect 
changes in the cuticle during leaf expansion: during the initial 
phase of rapid epidermal cell expansion the cuticle remains 
thin, elastic, and often disjointed with epidermal cell-shaped 
pieces of cuticle sitting on top of epidermal cells (Sargent, 
1976). Once leaf expansion ceases, the cuticle thickens, completely 
covering the leaf surface, while becoming firm and rigid 
(Sargent, 1976; Onoda et  al., 2012).

The evolution of the cuticle is believed to have allowed the 
aquatic algal ancestors of land plants to colonize terrestrial 
environments (Raven, 1984; Edwards et  al., 1996; Kenrick and 
Crane, 1997). Despite being present on all terrestrial plants, 
the cuticle can vary markedly in thickness, composition, and 
conductance at the interspecific level, and across various 
developmental stages and organs within an individual plant 
(Jeffree, 1996; Goodwin and Jenks, 2005; Buschhaus et  al., 
2007; Fernández et al., 2016). Being predominantly hydrophobic 
wax, fully developed cuticles provide a near-water tight seal  
on the outside of cell walls, protecting internal tissues from 
desiccation, blocking UV light, and acting as barrier against 
pathogens and physical abrasion (Edwards et  al., 1996;  
Krauss et  al., 1997; Łaźniewska et  al., 2012).

Recent work suggests that cuticular organic compounds are 
formed within epidermal cells and transported to the outside 
of the cell wall via transport proteins, after which the cuticle 
self-assembles by evaporation (Lee and Priestley, 1924; Neinhuis 
et al., 2001; Schreiber, 2005; Yeats and Rose, 2013). While cuticles 
are deposited by evaporation, they also create an almost gas-tight 
seal around the cells (Lendzian, 1982; Lendzian and Kerstiens, 
1991). The low permeability to gases severely limits CO2 diffusion, 
which provided a strong selective pressure for the evolution of 
stomata, the epidermal valves that provide internal photosynthetic 
cells with access to atmospheric CO2 (Lendzian, 1982;  
Lendzian and Kerstiens, 1991; Brodribb et  al., 2020).

A waterproof cuticle punctuated with stomatal valves to 
facilitate gas exchange is essential for homoiohydry and plant 
growth in the desiccating environments that almost all vascular 
plants occupy (Lendzian, 1982; Raven, 1984; Brodribb et  al., 
2020). In a hydrated plant, stomata account for more than 
99% of total water loss from a leaf, but once stomata close 
during a drought, it is believed that a considerable proportion 
of water lost from the plant evaporates via the cuticle (Körner, 
1993; Duursma et  al., 2019). After drought-induced closure 
of stomata, between 50 and 94% of the water lost from leaves 
is reported to be lost through the cuticle or incompletely closed 
stomata (Šantrůček et  al., 2004; Brodribb et  al., 2014). Much 
like the variation in maximum stomatal conductance (Körner 
et  al., 1979), the degree of variation in cuticular conductance 
between species can be  considerable and may be  critical for 
determining the ecological limits of species (Schreiber and 
Riederer, 1996; Mayr, 2007). Highly permeable cuticles are 

found in moss and fern gametophytes, while very low cuticular 
conductance is found in species that are adapted to dry 
environments (Edwards et  al., 1996; Jeffree, 1996; Schreiber 
and Riederer, 1996; Brodribb et  al., 2014; Blackman et  al., 
2016; Carignato et  al., 2020; Lee et  al., 2019). Pollutants and 
time can degrade the leaf cuticle impacting drought resistance 
(Jordan and Brodribb, 2007; Burkhardt and Pariyar, 2014). In 
particular, the removal of outer cuticular waxes can severely 
decrease drought tolerance in semiarid woody species, leading 
to a reduction in photosynthesis, gas exchange, and plant 
pigment levels (Medeiros et  al., 2017; Pereira et  al., 2019).

Although there has long been a focus on cuticular conductance 
in determining drought-tolerance thresholds, almost no focus 
has been placed on the role of cuticular conductance in 
determining leaf gas exchange as leaves expand. Complete leaf 
expansion in Hedera helix occurs around the same time cuticular 
conductance reaches a minimum (Hauke and Schreiber, 1998). 
Cuticles also appear to cease developing in chemical composition 
once leaves cease expanding (Hauke and Schreiber, 1998). 
Furthermore, very young stomata are covered in a cuticle 
(Davis and Gunning, 1993; Nadeau and Sack, 2002; Hunt et al., 
2017). Breaking of this cuticle covering layer in leaf development 
to form the outer cuticular ledge may be responsible for reported 
increases in leaf gas exchange as leaves expand (Constable 
and Rawson, 1980). In support of this rates of gas exchange 
in mutant plants of Arabidopsis in which stomata are occluded 
by a cuticle covering are half that of wild-type plants without 
occluded stomata (Hunt et  al., 2017).

Here, we  utilize the hypostomatic species Quercus rubra to 
separate cuticular and stomatal water loss from total leaf 
transpiration in expanding leaves. Q. rubra has large, fast-
growing leaves, making it ideal for these experiments. 
We  reexamine the ontogeny of the formation of the outer 
cuticular ledge in expanding Arabidopsis leaves, which is essential 
for the initiation of stomatal conductance. We  also collected 
foliage ABA levels in expanding leaves to examine what, if 
any, role ABA may play in “priming” stomatal function.

MATERIALS AND METHODS

Plant Material
Six, 3  year-old bare-rooted Q. rubra plants were planted in 
10  L pots containing a 1:1:1 mix of Indiana Miami topsoil, 
ground pine bark, and sand. Plants were grown in the glasshouses 
of Purdue University, IN, USA, under a 16  h photoperiod, 
supplemented, and extended with LED lights (Illumitex Power 
Harvest I4, TX, USA) that provided a photon flux density on 
an F3 spectrum (22.4% blue; 13.4% green; 63.9% red; and 
0.4% far-red) of 150 μmol  m−2  s−1 at pot level. The highest 
PPFD (natural and supplemental light) measured was  
1,800 μmol  m−2  s−1 at solar noon on a cloudless day. Plants 
were watered daily and received liquid nutrients once per 
month. Conditions in the glasshouse were set at a night/day 
temperature of 22/28°C. After initial bud burst, all developing 
leaves were tagged with the date of leaf emergence. Six  
plants of Arabidopsis thaliana Col-0 were grown under a 10  h 
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photoperiod, supplied by LED lights (SUNCO Lighting, CA, 
USA), providing a photon flux density of 60  μmol  m−2  s−1 at 
pot level. Seeds were sown directly on germination mix (Sun 
Gro Horticulture, MA, USA). Plants were watered from the 
base and given liquid nutrients once per month. Plants were 
imaged daily to determine leaf age. The area of eight leaves 
was measured daily from initial emergence until 23  days 
after emergence.

Determining Cuticular and Stomatal 
Conductance by Leaf Gas Exchange
Leaf gas exchange was measured using an infrared gas analyzer 
(LI-6800, Licor Biosciences, NE, USA). Conditions in the leaf 
cuvette were maintained as close to ambient glasshouse conditions 
as possible, and light conditions were set at 1,500 μmol m−2 s−1. 
Measurements were taken between 09:00 till 11:00 on clear, 
cloudless days. Initial stomatal conductance (gs) was measured 
on expanding, or fully expanded, leaves by enclosing the leaf 
in the chamber and measuring instantaneous leaf gas exchange 
parameters. After this initial measurement, the abaxial surface 
of the leaf was covered in petroleum jelly and plastic wrap 
and instantaneous leaf gas exchange was again measured in 
the same region of the leaf, or the whole leaf. By covering 
the abaxial leaf surface we only measured gas exchange through 
the adaxial surface which has no stomata or hydathodes, like 
most Quercus species (Bolhàr-Nordenkampf and Draxler, 1993; 
Ivănescu et  al., 2009). All rates of leaf gas exchange were 
normalized by leaf area in the cuvette. Whole leaf area was 
also measured for each leaf analyzed by imaging leaves (12 
megapixel, IPhone 7, Apple Inc., CA, USA) and measuring 
area using ImageJ (National 303 Institutes of Health, Bethesda, 
MD, USA). To avoid variation due to potential developmental 
variation across the leaf surface, the center of each leaf was 
placed in the cuvette. In younger leaves, we  were able to 
measure the whole leaf. All measured leaves were preserved 
in methanol and stored at −20°C for anatomical assessment. 
Cuticular and stomatal conductance and the percent of total 
leaf conductance that occurred through the stomata were 
calculated according to Jordan and Brodribb (2007).

Quantifying Foliage Abscisic Acid Levels
Leaves were harvested at 11:00 and immediately wrapped in 
damp paper towel and bagged. A sample of tissue was taken 
from each leaf, weighed (±0.0001  g, OHAUS Corporation, NJ, 
USA) and then covered in −20°C 80% methanol in water  
(v v−1) containing 250 mg L−1 butylated hydroxytoluene, chopped 
to fine pieces and stored at −20°C overnight. Extraction in 
methanol ensures that both free and fettered ABA in the 
chloroplasts were extracted from the sample (Georgopoulou 
and Milborrow, 2012). The samples were homogenized and 
15  μl of deuterium labeled [2H6]ABA (OlChemim Ltd, 
Czech  Republic) was added as an internal standard. ABA was 
extracted overnight at 4°C. An aliquot of supernatant was 
dried in a vacuum sample concentrator (Labconco, MO, USA), 
and ABA was resuspended in 200  μl of 2% acetic acid in 
water (v v−1), centrifuged at 14,800 RPM for 4  min and 100 μl 

taken for analysis. The level of ABA and internal standard in 
each sample was quantified using an Agilent 6460 series triple 
quadrupole LC/MS (Agilent, CA, USA) according to McAdam 
(2015). After quantification, the plant material from which the 
supernatant was taken was dried down at 70°C, and leaf dry 
weight was estimated by subtracting the initial mass of the 
empty tube.

Anatomy
Stomatal anatomy was analyzed in hole punches (diameter 
0.5  cm) from the center of Q. rubra leaves ranging from 1 
to 30  days of age (including all of the leaves measured for 
leaf exchange) that had been stored in methanol at −20°C. 
Anatomical samples were collected from either the whole leaf, 
in young leaves or from center of the leaves when they were 
large enough. In Q. rubra, leaves expand evenly and then 
acropetally after reaching approximately 70% of maximum size 
(Tomlinson et  al., 1991); our sampling protocol ensured that 
we avoided these regions of differential or continual expansion 
in larger leaves. Samples were prepared for SEM by critical 
point drying (E3000 Critical Point Dryer, Quorum Technologies, 
East Sussex, UK). Dried samples were placed on stubs and 
sputter coated for 60  s at 8  mA using a gold target (Balzers 
Union FL-9496 sputter device, Balzers, Liechtenstein). Images 
of stomata from the abaxial surface were taken on a Phenom 
XL desktop SEM (Nano Science Instruments, AZ, USA) at 
1,000x magnification to determine stomatal density and the 
percent of stomata in which the outer cuticular ledge had 
formed. For stomatal density measurements, a stoma was 
counted if both guard cells were discernible. A stoma with 
an outer cuticular ledge was defined as having any form of 
rip, tear, or hole in the cuticular covering over the stomatal 
pore. Cross sections of Q. rubra leaves were made using a 
freezing microtome (Microm HM 430, Thermo Scientific, MA, 
USA). The cuticle on leaf sections was stained using Sudan 
IV (0.5  g powdered Sudan IV in 100  ml 75% Ethanol, 25% 
DI water) for 8  h at 25°C. Images were taken using a 40x 
oil emersion objective on a light microscope (AxioImagerA2, 
Zeiss, Germany). Observations were made from four different 
sections from three different leaves 6 and 21 days after emerging.

Arabidopsis leaves used for stomatal anatomy were harvested 
on a single day and stored in methanol at −20°C. Leaf segments 
were prepared to observe the abaxial leaf surface and attached 
to a SEM stub with 1:1 OCT Cryo-Gel and water. Leaf pieces 
were frozen in a liquid nitrogen slurry and moved into a Gatan 
Alto 2500 (Gatan 316 Inc., Pleasanton, CA, USA) cryo-preparation 
chamber of an SEM (FEI Nova Nano 317200, Hillsboro, OR, 
USA). The samples were placed under vacuum and held at 
−170°C. Samples were then allowed to sublimate at −90°C, while 
viewing to remove frost. Leaves were sputter coated for 120  s 
at 8  mA using a platinum target and then imaged at −140°C.

Leaf Water Potential
Midday leaf water potential was measured in young expanding 
leaves (6  days after leaf emergence), as well as fully expanded 
leaves (32 days after leaf emergence) using a Scholander pressure 
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chamber (PMS Instrument Company, OR, USA). Leaves were 
excised and wrapped in damp paper towel and immediately 
placed into a humid plastic bag. Leaves were allowed to 
equilibrate in dark, in the humid bag for 5  min before 
measurements were taken.

RESULTS

In the newest expanding leaves of Q. rubra (less than 5  days 
old; i.e., at ~15% of fully expanded area), whole leaf conductance 
was found to be  relatively high, at 0.023  mol  m−2  s−1. By 
10  days after leaf emergence (i.e., at 60% of fully expanded 
area), leaf conductance had doubled to 0.047  mol  m−2  s−1 
(Figures 1, 2). While leaf conductance was measurable in leaves 
that were less than 5  days old, less than 5% of total leaf 
conductance was found to be lost through the stomata (Figure 1). 
After 5  days of leaf expansion, the percentage of water lost 
from a leaf through stomata began to increase rapidly (Figure 1). 
Ten days after leaf emergence, the stomata were found to 
be  responsible for approximately 50% of water loss from the 
leaf (Figure 1). By 15 days after leaf emergence, the percentage 
of water lost through the stomata accounted for more than 
80% of total leaf conductance, which had increased to more 

than 0.075  mol  m−2  s−1 (Figure  1). By this age leaves were 
fully expanded. In general, leaves had ceased to expand by 
day 13 (Figure 2). Leaves 6 days after emerging did not appear 
to have a very thick or well-developed cuticle when compared 
to leaves 21  days after emerging, which displayed a much 
thicker and well-developed cuticle (Figure  1).

Foliar ABA levels in developing Q. rubra leaves were 
approximately 21.5 μg g−1 dry weight on the first day following 
leaf emergence (Figure  3). As leaves expanded, this high level 
of initial ABA in primordial leaves declined following an 

FIGURE 3 | Foliage abscisic acid (ABA) level in expanding Q. rubra leaves. 
ABA levels are expressed in terms of dry weight. A single exponential decay 
three parameter model (ABA level DW = 0.3822 + 24.2829 × e−0.1340 × Leaf age) 
(solid line) with 95% confidence interval (dashed lines) is depicted 
(p = <0.0001, R2 = 0.8493). The insert shows ABA levels in terms of fresh 
weight (FW). A single exponential decay three parameter model (ABA level 
FW = −0.0982 + 3.6244 × e−0.0737 × Leaf age) (solid line) with 95% confidence 
interval (dashed line) is depicted (p = <0.0001, R2 = 0.7912).

A

B C

FIGURE 1 | (A) The percentage of transpired water lost through stomata as 
Quercus rubra leaves expand. The insert depicts the absolute rates of leaf 
conductance measured in the same leaves. Generalized additive model 
curves and 95% confidence intervals are represented by solid and dashed 
black lines, respectively. Each point represents a single leaf. Letters on the 
chart depict the leaf from which representative images (B,C) were taken. (B) 
Cross sections through the epidermis of a Q. rubra leaf 6 days after emerging, 
and (C) 21 days after emerging, with cuticles stained using Sudan IV (scale 
bars = 10 μm).

FIGURE 2 | Mean leaf area of Q. rubra leaves from emergence (day 0) to 
23 days after leaf emergence (n = 8 leaves, ± SD). Dashed lines depict 
standard deviation.
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exponential decay curve, such that by 7 days after leaf emergence, 
ABA levels in terms of dry weight were half the initial level 
in the newest emerged leaves (Figure 3). ABA levels continued 
to decline until around 30  days after initial leaf emergence, 
by which time they had approached a steady-state level of 
around 0.55  μg  g−1 dry weight (Figure  3).

The youngest Q. rubra leaves had very few stomata, with 
approximately 27 ± 2 stomata mm−2 by the second day following 
emergence (Figure  4). Stomatal densities remained low in 
expanding leaves until 5 days after leaf emergence, when densities 
rapidly increased by 20-fold, to approximately 575 stomata 
mm−2 (Figure  4). Allowing for a change in leaf area, this 
indicates a 200,000-fold increase in the total number of stomata 
over that time (Figure 4). The highest recorded stomatal density 
on an individual leaf was measured in leaves 9  days after leaf 
emergence, with 1,528  ±  33 stomata mm−2 (Figure  4), after 
which stomatal density declined as leaves continued to expand. 
Seventeen days after leaf emergence, stomatal density reached 
a steady-state mean density of 790 stomata mm−2 (±5) (Figure 4).

In all stomatal complexes on leaves younger than 7  days old, 
a cuticle covered the pore between the guard cells (Figure  5). 
The presence of this covering meant that these stomatal  
complexes did not have apertures and therefore could not 

be  functional stomata. By 13  days after leaf emergence, in 90% 
of stomatal complexes, this cuticle layer had split to create an 
aperture and an outer cuticular ledge (Figure 5). Similar patterns 
in the formation of the outer cuticular ledge were observed in 
the expanding leaves of A. thaliana Col-0 plants (Figures  6, 7) 

A

B C D

FIGURE 4 | (A) Mean stomatal density (n = 5 fields of view per leaf taken 
from the center of the leaf, ± SE) of expanding Q. rubra leaves. Each point 
represents a single leaf. Letters on the chart depict the leaf from which 
representative images (B–D) were taken. Generalized additive model curves 
and 95% confidence intervals are represented by solid and dashed black line 
respectively. The insert represents the total number of stomata per leaf of 
expanding Q.rubra leaves (solid line) flanked by the 95% confidence interval 
(dashed line). (B) An image of the abaxial surface of a Q. rubra leaf 3 days 
after emergence with visible trichomes (scale bar = 80 μm). (C) An image of 
the abaxial surface of a Q. rubra leaf 13 days after emergence (scale 
bar = 80 μm). (D) An image of the abaxial surface of a Q. rubra leaf 27 days 
after emergence (scale bar = 80 μm).

A

B C

FIGURE 5 | (A) Mean percentage of stomata with an aperture (n = 5 fields of 
view per leaf taken from the center of the leaf, ± SE) in expanding leaves of Q. 
rubra. Each point represents a single leaf. A logistic three parameter sigmoidal 
curve (solid line) and 95% confidence interval (dashed line) is shown 
(p = <0.0001, R2 = 0.7178). (B,C) Representative images of Q. rubra stomata 
(B) without an aperture and (C) with an aperture captured on the same leaf 
10 days after emergence (scale bar = 10 μm).

FIGURE 6 | Mean stomatal density on the abaxial surface (n = 5 fields of 
view from the same leaf taken from the center of the leaf, ± SE) in expanding 
Arabidopsis thaliana Col-0 leaves. Each point represents a single leaf. A 
rational, 2 Parameter II curve (solid line) and 95% confidence interval (dashed 
line) is shown (p = <0.0015, R2 = 0.8870).
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A

B C

FIGURE 7 | (A) Mean percentage of stomata that have formed an aperture 
on the abaxial surface (n = 5 fields of view per leaf taken from the center of 
the leaf, ± SE) in young expanding leaves of A. thaliana Col-0. Each point 
represents a single leaf. A rational, 3 Parameter II (solid line) and 95% 
confidence interval (dashed line) is shown (p = <0.0050, R2 = 0.9295). (B) 
Image of an A. thaliana Col-0 stoma without an aperture on a leaf that was 
29.04 mm2, approximately 6 days after emergence (Scale bar = 5 μm). (C) 
Image of an A. thaliana Col-0 stoma with an aperture on with the same leaf 
imaged in (B) (Scale bar = 5 μm).

with most stomata in the smallest and youngest leaves covered 
with cuticle (Figure  7). Zero to five percent of stomata had 
formed an outer cuticular ledge in leaves of A. thaliana that 
were <0.25  mm2 in area and had not yet emerged from the 
center of the rosette. Once leaves had emerged from the rosette 
for approximately 1  day (being more than 10  mm2 in area), 
approximately 25% of the stomata had developed an outer cuticular 
ledge (Figure  7). The number of stomata forming an outer 
cuticular ledge per day declined once A. thaliana leaves reached 
approximately 15  mm2 in area.

We found that leaf water potential of young expanding leaves 
of Q. rubra was the same as that of fully expanded leaves on 
the same plant. Leaves 3 days after emerging had a water potential 
of −0.866  ±  0.113  MPa (n  =  3, SE), while leaf water potential 
in leaves that emerged at least 32 days prior to the measurement, 
and were fully expanded, was −0.763  ±  0.089  MPa (n  =  3, SE).

DISCUSSION

Contrary to the model of Pantin et al. (2013), based on observations 
in Arabidopsis, cuticular conductance accounts for the majority 
of water loss from expanding leaves in Q. rubra. In Q. rubra 
the youngest leaves have no stomata and once stomata form, 
they have no aperture as they are still covered in cuticle. Only 
once the stoma and aperture forms by tearing the covering 

cuticle do stomata become the primary source of leaf conductance 
to water vapor. We  found no evidence in Q. rubra that ABA 
levels increased as leaves expand, thereby priming stomata to 
function as hypothesized by Pantin et  al. (2013). In contrast, 
ABA levels were very high in young expanding leaves and 
appeared to decline thereby, presumably, allowing stomata to open.

The highly permeable cuticle in young, expanding leaves 
previously observed in Quercus macrocarpa, Q. muehlenbergii, 
and H. helix (Hamerlynck and Knapp, 1996; Hauke and Schreiber, 
1998) may be  due to the development of the cuticle (Lee and 
Priestley, 1924; Neinhuis et  al., 2001). Mature cuticles are 
extremely dense with a very high breakage strength, suggesting 
that a weaker cuticle may be  necessary to allow cells and 
leaves to expand (Onoda et al., 2012). The more elastic disjointed 
developing cuticle needed to allow cell expansion may come 
at the cost of a higher cuticular conductance. If this is the 
case, plants would have to balance the maintenance of high 
turgor pressure to drive cell expansion and deliver nutrients 
with a permeable cuticle to allow for cell expansion. Although 
cuticle permeance has been found to be  a function of water 
status with high leaf water potential leading to higher levels 
of cuticular water loss (Boyer et al., 1997; Jordan and Brodribb, 
2007), it is unlikely that the high levels of cuticular water 
loss in young leaves might simply be  due to the higher water 
status of young expanding leaves as these leaves have the same 
water potentials as fully expanded leaves. This is in agreement 
with previous work in other Quercus species, in which there 
was no difference found in leaf water potential across leaf age 
as leaves expand (Ren and Sucoff, 1995; Hamerlynck and 
Knapp, 1996). In Q. rubra we  observed much thinner cuticles 
in younger leaves when compared to those that were fully 
expanded; this anatomical change in cuticle thickness and 
possibly composition is the likely cause of the higher cuticular 
water loss measured in young expanding leaves.

Our work suggests that the formation of the outer cuticular 
ledge above stomata of developing leaves (and therefore formation 
of an aperture) could be  a major determinant of the timing 
and relevance of stomatal function in leaf gas exchange. Here, 
we  observed that stomatal water loss only occurs when stomata 
have these apertures (Figures 1, 4). The cuticle that covers stomata 
before the formation of the outer cuticular ledge likely inhibits 
water flux through individual stomatal pores, just as it reduces 
stomatal conductance in A. thaliana mutant plants that do not 
form an outer cuticular ledge (Hunt et  al., 2017). Once that 
cuticle tears and the outer cuticular ledge is formed, Q. rubra 
stomata are capable of sustaining maximum water loss rates 
through the pore. These cuticle coverings in young stomata have 
been observed multiple times in A. thaliana (Serna and Fenoll, 
1997; Nadeau and Sack, 2002; Hunt et  al., 2017), in Hydrocotyle 
bonariensis (Koch and Barthlott, 2009), the stomata on the flowers 
of Vicia faba (Davis and Gunning, 1993), and now Q. rubra. 
Given that we  observed these in both Q. rubra and A. thaliana, 
and stomatal development and developmental genes are highly 
conserved across land plants, this cuticular covering of young 
stomata may be  a feature common to all vascular plants (Chater 
et  al., 2017). Whether it extends to non-vascular plant stomata 
remains to be  examined (Renzaglia et  al., 2017).
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The extremely high levels of ABA found in young leaves of 
Q. rubra could have several explanations all requiring future 
examination. It is possible that the newest expanding leaves 
have high levels of ABA because ABA is required to maintain 
bud dormancy (Kovaleski and Londo, 2019). The decreases seen 
here as leaves expand might be  due to dilution and catabolism 
as bud dormancy is broken (Kovaleski and Londo, 2019). The 
ABA may also be  playing a role in cuticle formation, as some 
ABA deficient tomato mutants have thinner cuticles with reduced 
levels of cutin that are partially restored by the application of 
ABA (Martin et  al., 2017). Another possibility is that ABA may 
be  responsible for maintaining low guard cell turgor during leaf 
development to stop the premature tearing of the cuticle covering 
above the stomatal pore. Exogenous applications of ABA have 
been found to keep stomata closed under the cuticle covering 
in focl mutants, which have much reduced formation of the 
outer cuticular ledge, indicating that stomata that have a cuticle 
covering are possibly capable of opening and closing (Hunt et al., 
2017). There is the possibility that the high levels of ABA in 
young leaves may be sequestered in chloroplasts, and this fettered 
ABA is non-functional (Loveys, 1977; Georgopoulou and 
Milborrow, 2012). However, given the observation in an evergreen 
Quercus species and other herbaceous species that chloroplast 
number is very low in young, expanding leaves, increasing as 
leaves expand (Miyazawa et  al., 2003), this possibility seems 
unlikely. The most likely explanation is that the high levels of 
ABA found in the expanding leaves of Q. rubra are responsible 
for keeping stomata closed as leaves expand; although given 
other signals can close stomata (Granot et  al., 2013; Salmon 
et al., 2020), more experimental work is required to test this theory.

Based on this work, the apparent order of events in 
expanding Q. rubra leaves is that very young leaves have 
relatively high levels of cuticular water loss that decline as 
leaves cease expanding. During expansion, stomata develop, 
but are present in low numbers and covered with a cuticle. 
Foliage ABA levels are initially high and decrease through 
time as leaves expand, possibly keeping the youngest stomata 
closed under the cuticle, until the cuticle connecting the guard 
cells tears to form the stomatal aperture, or is torn open by 
the opening stomata. Once the outer cuticular ledge forms, 
stomata account for most of the water lost from expanded 
leaves. This chain of events is very different to the model 
proposed by Pantin et  al. (2013) based on observations made 
in A. thaliana. We  would argue that these differences are 
not due to differences in species, as we  found similar 
morphological development in the expanding leaves of both 

Quercus and Arabidopsis. However, further work is required 
to investigate the importance of cuticular conductance in leaf 
gas exchange as leaves expand across a wide diversity of 
species and also under field conditions. We  find that the 
model of Pantin et  al. (2013) is not supported by our 
observations of very high levels of ABA measured in young 
leaves, the cuticle covering of young stomata, and the relatively 
late development of the outer cuticular ledge in expanding 
leaves of A. thaliana and Q. rubra, all of which run counter 
to the theory that stomata are wide open and responsible 
for all of the water loss from young, expanding leaves. 
We conclude that the cuticle plays a primary role in determining 
the rate of water loss from expanding leaves.
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Stomatal pore area is heterogeneous across leaf surfaces. This has been considered
as “patchy stomatal conductance,” and may have substantial implications for
photosynthetic efficiency. Aerosols have always been important elements of plant
environments, but their effects on stomatal control of plant water relations, and stomatal
heterogeneity specifically, have not been considered. Here we evaluate the spatial
coordination of pore area in the glabrous and homobaric leaves of Vicia faba grown
under two aerosol treatments and measured at four levels of VPD. We construct a large
dataset (n > 88,000 discrete comparisons) of paired pore areas and distances between
the pores. Plants were grown in ambient urban air and in filtered air (FA) to determine
the effect of ambient aerosol on stomatal properties. Pore area exhibited spatial
organization, as well as considerable variability among closely co-located pores. The
difference between pore areas was positively correlated with the distance between the
pores, in both aerosol treatments and at all VPDs. However, aerosol deposition reduced
both the magnitude of variability between pores and the rate at which this variability
increased with pore separation distance. These data support previous conclusions that
deposition of hygroscopic aerosol may create a thin aqueous film across the leaf surface
that connects neighboring stomata to each other and to the leaf interior. Aerosol impacts
on stomatal heterogeneity and gas exchange are not adequately considered in current
assessments of stomatal control.

Keywords: aerosol, climate change, gas exchange, humidity, particulate matter, patchy stomata, vapor pressure
deficit

INTRODUCTION

Heterogeneous stomatal opening across the surface of individual leaves may result in stomatal
“patchiness,” random variation, or spatially coherent trends in pore area across the surface. Stomatal
heterogeneity has been observed in many species (Downton et al., 1988, 1990; Terashima et al.,
1988; Sharkey and Seemann, 1989; Terashima, 1992; Pospisilova and Santrucek, 1994; Haefner
et al., 1997; Weyers and Lawson, 1997; Beyschlag and Eckstein, 1998; Mott and Buckley, 1998,
2000). Non-uniform pore areas and resulting uneven conductance for CO2 and water vapor
complicate standard measurements and calculations of gas exchange parameters. Heterogeneity
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observed at all stages of leaf elongation in Rosa shows that
this is not a transient developmental feature (Fanourakis et al.,
2015). Under conditions of high boundary layer conductance,
stomatal heterogeneity may be detrimental to gas exchange
efficiency, but under conditions of low wind or large leaves, which
reduce boundary layer conductance, and under conditions of
low overall stomatal conductance, heterogeneity may improve
photosynthetic efficiency (Buckley et al., 1999). This reflects the
effects of evaporative cooling of the leaf on fluxes and gradients
of both water and CO2, and the transport efficiency of those
pores that remain widely open. The significance and ubiquity of
stomatal heterogeneity and its relationship with environmental
conditions (Cheeseman, 1991; Gunasekera and Berkowitz, 1992;
Cardon et al., 1994) as well as the role of aerosol deposition
(Burkhardt and Grantz, 2017) in generating such heterogeneity
have not been adequately considered.

Areas of coordinated stomatal behavior may range from a
few mm to a few cm in extent (Terashima, 1992; Mott and
Buckley, 1998, 2000; Mott and Peak, 2007) and are often bounded
by veins, particularly in heterobaric leaves (Siebke and Weis,
1995; Haefner et al., 1997; Weyers and Lawson, 1997; Mott
and Buckley, 2000). Patterns of heterogeneity can be transient,
with patches of coherent stomatal response migrating within
and even between areoles of heterobaric leaves (Kamakura et al.,
2012), even though gas diffusion is restricted to areoles defined
by vasculature with bundle sheath extensions (Terashima, 1992;
Mott and Buckley, 2000).

Spatially coherent stomatal behavior is also observed in
homobaric leaves (Kappen et al., 1987; Loreto and Sharkey, 1990;
Mott and Parkhurst, 1991; Terashima, 1992; Eckstein et al., 1996;
Mott and Buckley, 2000; Kamakura and Furukawa, 2008). This
heterogeneity is less patchy and more characterized by trends
across the leaf surface, from leaf base to tip (Nardini et al.,
2008), margin to midrib (Weyers and Lawson, 1997), and more
generally across the lamina (Terashima et al., 1988). Patches
observed as 14CO2 fixation in homobaric V. faba (Terashima
et al., 1988) were larger than in many heterobaric species and
could be considered gradients across the leaf, with greater
heterogeneity within the patches than in heterobaric species
(Spence, 1987; Terashima et al., 1988). Stomatal aperture in
homobaric Commelina communis (Smith et al., 1989) exhibited
gradients as high as 3 µm per mm and 20 µm from leaf edge
to midrib. This behavior may be observed even in epidermal
peels exposed to uniform physical and chemical conditions.
The distribution of pore opening often approximates a normal
distribution (e.g., V. faba; Laisk et al., 1980). This variance within
and between leaves obscures spatial patterns across individual
leaves (Weyers and Lawson, 1997), so that heterogeneity in
homobaric leaves remains poorly characterized.

Uneven levels of conductance across the surfaces of individual
leaves have been associated with discrepancies in estimation of
intercellular CO2 (Ci). Values calculated from measured fluxes
of CO2 and water vapor exceeded directly measured values
by up to 15% (Buckley et al., 1999; Boyer, 2015a,b; Hanson
et al., 2016). This suggested a pathway for water efflux that was
unavailable to CO2 influx, potentially peristomatal transpiration
from around the stomatal pores (Maier-Maercker, 1983; Grantz,

1990), or cuticular transpiration from across the epidermis
between the pores (Kerstiens, 1996; Boyer et al., 1997; Hanson
et al., 2016). Alternatively, stomatal heterogeneity could distort
the calculation of Ci (Terashima et al., 1988) as measurements of
steady state gas exchange reflect the leaf-wise average of highly
dynamic heterogeneous individual pores and patches of pores
(Siebke and Weis, 1995).

Increased evaporative demand (leaf to air vapor pressure
difference; VPD) reduces stomatal conductance and increases
stomatal heterogeneity (Sharkey and Seemann, 1989; Downton
et al., 1990; Haefner et al., 1997). Experimentally imposed local
changes in humidity at the leaf surface altered the apertures of
stomata within the affected area, and those of stomata up to
0.4 cm away, outside of the directly affected area. The linkage was
apparently through epidermal turgor, although this mechanism
may operate most effectively over short distances (Haefner et al.,
1997; Mott et al., 1997, 1999; Mott and Franks, 2001). Variability
in mesophyll biochemistry (Osmond et al., 1999) and xylem water
relations may become more effective at larger scales of leaf or
branch (Buckley and Mott, 2000).

Aerosol deposition (Burkhardt and Grantz, 2017) may
affect both the asymmetric flux pathways for water and CO2
(Grantz et al., 2018) and stomatal heterogeneity. Deposition
of hygroscopic, particularly chaotropic, aerosol (Tsigaridis
et al., 2006; Pringle et al., 2010; Burkhardt and Grantz,
2017) reduces surface tension and results in development
of thin liquid films on leaf surfaces (Eiden et al., 1994;
Dutcher et al., 2010; Burkhardt and Hunsche, 2013; Burkhardt
and Grantz, 2017; Fernandez et al., 2017). The liquid films
penetrate into stomatal pores (Eichert et al., 1998, 2008; Basi
et al., 2014; Kaiser, 2014), providing a liquid phase linkage
between the saturated leaf apoplast and the dry atmosphere.
This pathway is not under diffusional (i.e., stomatal) control
and thus water loss from this pathway through evaporation
at the leaf surface increases as VPD increases, even in
species such as V. faba that exhibit strong closing response
to increasing VPD (Pariyar et al., 2013; Grantz et al.,
2018). The presence of liquid films can be visualized by
electrical conductance measurements (Burkhardt and Eiden,
1994; Burkhardt et al., 1999; Burkhardt and Hunsche, 2013)
and by electron micrography (Burkhardt and Grantz, 2017;
Burkhardt et al., 2018; Grantz et al., 2018). Aerosol deposition
reduces stomatal apertures (Burkhardt et al., 2001a; Burkhardt,
2010; Burkhardt and Grantz, 2017; Grantz et al., 2018) while
increasing both water flux (Burkhardt et al., 2001a; Grantz et al.,
2018) and minimum (cuticular) leaf conductance (Burkhardt and
Pariyar, 2014, 2016; Grantz et al., 2018).

We hypothesized that aerosol-induced surface moisture may
link individual pores across the leaf surface by providing a
more homogeneous hydraulic and vapor pressure environment,
thereby reducing stomatal heterogeneity despite potential
desiccating effects of liquid phase water loss and the previously
documented reduction in pore area (Grantz et al., 2018). Here we
characterize the distribution of stomatal pore areas, a subject of
previous consideration (Laisk et al., 1980; Spence, 1987; Gorton
et al., 1989; Terashima, 1992; Weyers and Lawson, 1997) and the
role of aerosol deposition on this heterogeneity, which has not
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previously been considered. We analyze a previously available
dataset of 3600 direct microscopic pore area measurements
(Grantz et al., 2018) to create a novel database of 88,200 discrete
pore to pore comparisons of distances between the pores (d) and
the differences between their pore areas (1A). We evaluate the
distribution of pore areas, the local and larger scale heterogeneity
of stomatal opening, and the effect of four levels of VPD and two
levels of ambient aerosol on these characteristics.

MATERIALS AND METHODS

Plant Material
Plants of Vicia faba (L.) were grown from seed as described
previously (Grantz et al., 2018) in plastic pots in greenhouses at
the University of Bonn, Germany. Plants received complete
nutrient solution (Ferty 3, Planta Düngemittel GmbH,
Hohenstauf, Germany) weekly and irrigation as needed.

Plants were randomly assigned either to a greenhouse
ventilated with ambient air (AA) or an adjacent greenhouse
ventilated with filtered air (FA). Filtration removed nearly
all particles (Pariyar et al., 2013; Grantz et al., 2018). The
aerosol was typical of ambient particulate matter in central
Europe (about 35% ionic; see Grantz et al., 2018 and references
therein). Aerosol concentration in the AA greenhouse (cloud
chamber condensation nuclei counter; TSI 3783; TSI, Shoreview,
MN, United States) was 6–7 × 109 particles m−3. This was
reduced in the FA greenhouse by 99% to 5–10 × 106 m−3;
confirming previous measurements (e.g., Pariyar et al., 2013).
Other environmental parameters including temperature, relative
humidity and concentrations of ozone were similar in the
greenhouses (see Supplementary Figures S1, S2 in Grantz et al.,
2018). Plants were exposed to natural daylength and sunlight
(approximately 70% of ambient irradiance).

Measurements were obtained 5 weeks after planting on one
leaflet of leaf 5 or 6 (youngest fully expanded; mean leaflet area
about 32 cm2) when plants had been exposed for 3–4 weeks in the
greenhouses. Leaflets remained attached to intact plants during
all measurements.

Measurement of Pore Area at Controlled
VPD
Plants were transported from Bonn to Kiel, Germany. Pore
area measurements (see Grantz et al., 2018 for further details)
were obtained while leaf to air VPD was controlled in a flow-
through gas exchange system with an integrated inverted video
microscope (Kaiser and Kappen, 1997, 2000; Kaiser, 2009).
The gas exchange cuvette was held at constant temperature
(25◦C ± 0.1◦C) and irradiance (PPFD = 450 ± 25 µmol
m−2 s−1). Dew point was held at 23.15, 19.0, 14.0, and 5.0◦C
(±0.05◦C), yielding VPD of 0.33, 0.97, 1.6, and 2.3 kPa and RH of
90%, 68%, 50%, and 27%, at abaxial leaf temperature (25◦C; Type
K thermocouple, 0.075 mm). Air circulation in the cuvette (1 m
s−1) yielded laminar boundary layer conductance of 1300 mmol
m−2 s−1 (Kaiser, 2009).

Nine plants were used for each of the AA and FA treatments
(Experiment 1, Grantz et al., 2018). Measurements on plants

subjected to the two aerosol treatments were alternated on
successive days. Pore area was measured on 50 stomata per leaflet,
on the abaxial surface, within the 1 cm2 area of a predefined
grid. The sample area was located away from major veins and
leaf margins. The 50 stomata represented about 0.2% of the
stomata in the 1 cm2 viewing area. The location (pore center)
and focus depth (narrowest part of the pore center) of each
pore was stored electronically (Kaiser, 2009) to allow rapid re-
imaging at each VPD.

Data Analysis
Data were stored with plant, leaf and pore identifiers, pore area,
and pore coordinates in the Cartesian framework defined across
the microscope stage (Kaiser, 2009). The area of each pore was
determined as an idealized ellipse determined by the directly
measured length and width of each pore, taken as the major and
minor axes (Grantz et al., 2018). The difference in pore area (1A)
between pairs of stomata was evaluated as a function of their
separation distance (d) across the leaf surface.

Values of d were calculated from the coordinates of the center
of each pore using the Pythagorean Theorem executed in a
custom Python program (v. 3.6; Python Software Foundation1).
Unique pair comparisons [C(50,2) = (50)(50-1)/2 = 1225
per leaflet] were evaluated. With 9 leaflets/aerosol treatment,
2 treatments, and 50 pores/leaflet, there were 900 unique
pores and with 4 levels of VPD there were 88,200 unique
comparisons of 1A vs. d. The maximum value of d was
about 1.4 cm, representing the diagonal of the 1 cm2 square
examined on each leaf.

Regressions of 1A on d were calculated in Sigma Plot, v.
13.0 (Systat Software, San Jose, CA, United States; Regression
Wizard). Normality [Kolmogorov–Smirnov (K–S) Test] and
equality of variance (Brown–Forsythe Test) were generally not
satisfied (P < 0.050). The sole exception was FA at low VPD,
which was normally distributed. Mean 1A (Table 1) and
regression coefficients (Table 2) were evaluated by Two-Way
ANOVA (Sigma Plot) with mean separation using the Holm-
Sidak Multiple Range Test.

1https://www.python.org/

TABLE 1 | Means of the differences between pore areas (1A).

Mean difference in pore area (1A; µm2)

VPD Ambient Air (AA) Filtered Air (FA) AA vs. FA

0.33 kPa 37.6 ± 0.32 (a) 47.6 ± 0.37 (b) P < 0.001

0.97 kPa 42.5 ± 0.36 (c) 56.1 ± 0.45 (d) P < 0.001

1.6 kPa 43.6 ± 0.37 (d) 53.6 ± 0.43 (c) P < 0.001

2.3 kPa 39.9 ± 0.39 (b) 45.7 ± 0.40 (a) P < 0.001

Lower case letters within columns refer to differences between VPD levels within
each aerosol treatment. P values in the right hand column refer to differences
between aerosol treatments within VPD levels. Means were analyzed by Two-Way
ANOVA with mean separation (right hand column) by the Holm-Sidak method. The
1A × VPD interaction was generally significant.
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RESULTS

Pore Location
The imaging system facilitated collection of a large number of
clear photomicrographs (Figure 1). At all levels of stomatal
opening, both within each VPD and across the levels of VPD, the
pores were well characterized as ellipses, allowing the area (A)
of each pore to be calculated from the directly measured length
and width. Leaves of V. faba exhibited uniformly kidney-shaped
guard cells (Figure 1), lacking specialized stomatal subsidiary
cells and the bundle sheath extensions that play a role in stomatal
patchiness in heterobaric species.

The distances (d) between pores were distributed
approximately normally (Figure 2). Neither the shape of
the distribution nor the magnitude of the distance scale differed
between leaves exposed during leaf development to ambient
aerosol (AA) or to FA (cf. Figures 2A,B). These characteristics
were also stable across the levels of VPD (not shown), despite
the potential for leaf shrinkage due to reduced leaf water content
(not measured) at elevated VPD.

Pore Area
The large data set available for this study allowed a robust
characterization of the distributions of pore area (A) in the two
aerosol treatments over a range of VPDs (Figure 3). At low
VPD (0.33 kPa) the distributions of A in both AA (Figure 3A)

TABLE 2 | Linear regression coefficients of the relationships between the
difference in pore area (1A) and the distance between the pores (d).

VPD Ambient Air (AA) Filtered Air (FA) AA vs. FA

(A) Intercept (µm2)

0.33 kPa 35.2 ± 0.75 (a)
[P < 0.0001]

40.4 ± 0.88 (a)
[P < 0.0001]

P < 0.001

0.97 kPa 36.8 ± 0.85 (a)
[P < 0.0001]

48.7 ± 1.07 (b)
[P < 0.0001]

P < 0.001

1.6 kPa 41.0 ± 0.87 (b)
[P < 0.0001]

48.2 ± 1.01 (b)
[P < 0.0001]

P < 0.001

2.3 kPa 36.6 ± 0.93 (a)
[P < 0.0001]

44.4 ± 0.94 (c)
[P < 0.0001]

P < 0.001

(B) Slope (µm2 cm−1)

0.33 kPa 4.6 ± 1.34 (a)
Adj r2 = 0.0010

[P = 0.0007]

13.6 ± 1.50 (a)
Adj r2 = 0.0072

[P < 0.0001]

P < 0.001

0.97 kPa 11.1 ± 1.51 (b)
Adj r2 = 0.0048

[P < 0.0001]

14.1 ± 1.84 (a)
Adj r2 = 0.0052

[P < 0.0001]

P = 0.208

1.6 kPa 5.1 ± 1.55 (a)
Adj r2 = 0.0009

[P = 0.001]

10.3 ± 1.74 (a)
Adj r2 = 0.0031

[P < 0.0001]

P = 0.026

2.3 kPa 6.4 ± 1.66 (ab)
Adj r2 = 0.0013

[P = 0.0001]

2.5 ± 1.62 (b)
Adj r2 = 0.0001

[P = 0.1188]

P = 0.093

P values in brackets refer to the individual regression coefficients. Lower case
letters within columns refer to differences between VPD levels within each aerosol
treatment. P values in the right hand column refer to differences between
coefficients for each aerosol treatment within VPD levels. Coefficients were
analyzed by Two-Way ANOVA with mean separation by the Holm-Sidak method.

FIGURE 1 | Typical stomatal pores whose areas (A) were measured.
Representative example at low VPD (0.33 kPa). Micrograph dimensions
300 × 300 µm.

FIGURE 2 | Frequency distribution of pore separations (d) among the 50
stomata measured on each of 9 leaves (n = 11,025 per panel). Distance
classes: 0 ≤ d < 1500 to 10500 ≤ d < 12000, centered at 750–11250. For
d ≥ 12000 (n = 20 for AA and 55 for FA) frequencies were pooled with
10500 ≤ d < 12000. (A) Ambient air; (B) filtered air.

and FA (Figure 3B) treatments were approximately bell shaped,
although only the FA treatment (Figure 3B) formally satisfied the
Kolmogorov–Smirnov test for normality (K–S statistic of 0.661).
All other distributions exhibited K–S < 0.001.
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FIGURE 3 | Frequency distribution of pore areas (A) at different levels of evaporative demand (VPD), in leaves exposed to ambient (gray bars; A,C,E,G) or filtered
(hatched bars; B,D,F,H) air. Area classes: 0 ≤ A < 50 to 400 ≤ A < 450, centered at 25–425. The smallest visible bars represent 1 pore.

The distributions of A were similar in AA and FA leaves
at all levels of VPD (cf. Figures 3A–H). VPD did not differ
during plant growth between the AA and FA treatments but
was varied experimentally during measurement of pore areas.
Skewing toward the origin increased with VPD (Figure 3) so
that the quasi-bell shaped distribution was no longer evident
at 1.6 kPa (Figures 3E,F) or 2.3 kPa (Figures 3G,H) in either
aerosol treatment.

In most cases, increasing VPD reduced pore area, i.e., with
greater deviation below the 1:1 line (Figure 4). In FA at
0.97 kPa the pattern was different. The less open pores closed

in response to increased VPD, but pores initially exhibiting
A > 190 µm2 (Figure 4A; red circles) did not close below
the initial A. Individual stomata behaved consistently over
the range of VPDs. Those with small pore areas at 0.33 kPa
exhibited small areas at higher VPD. Many that were only
slightly open at low VPD closed completely at higher VPD. With
increasing VPD, the number of such stomata and their initial
pore areas increased (horizontal part in lower left end of each
curve; Figure 4).

Leaves exposed to ambient aerosol also exhibited greater
skewing toward the origin. This reduction in magnitude was
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FIGURE 4 | The relationship between stomatal pore area at elevated VPD [(A)
0.97 kPa; (B) 1.6 kPa; (C) 2.3 kPa] and pore area measured at low VPD
(0.33 kPa). The AA treatment is shown in black, and the FA treatment in red.
The solid line represents the 1:1 line.

reflected in reduced mean 1A between pores in AA relative
to FA observed at all levels of VPD (Table 1). In general, the
AA treatment closed more substantially than the FA as VPD
was increased, particularly at greater initial pore area at low
VPD (Figure 4). Among stomata with areas below 180 µm2 at
0.33 kPa, there was little effect of aerosol on the relationships
between pore area at low VPD and at higher VPD. This point
of divergence between AA and FA was similar at all VPD
(Figures 4A–C). Above this value of initial opening, pore areas
in FA and AA diverged, with AA smaller than FA. This was
observed from 0.33 kPa to 0.97 kPa (Figure 4A), even though
the response of FA to VPD was minimal among the more
open pores. The sensitivity to aerosol increased with pore area

observed at low VPD, but did not change substantially with
increasing VPD.

Stomatal Heterogeneity
We had hypothesized that stomatal heterogeneity, both 1A
between closely co-located pores and the increase of 1A with
d between more distant pores, would be reduced by aerosol
deposition. The suggested mechanism, involving liquid films on
the leaf surface, is illustrated in Figure 5 showing an open stoma
at the left and a closed stoma at the right. Regardless of pore
area, water evaporates from the surface of the leaf (blue arrows),
potentially drawing both from the surface water (Figure 5; blue
lines) and from soil, tissue, and apoplastic storage (continuity
indicated by green lines). Conventional transpiration from the
apoplast (green arrows) occurs through the open pore (left side)
but this diffusive transport is almost completely blocked by
stomatal closure (right side).

In contrast, a continuous liquid film developing from
deliquescence of deposited hygroscopic aerosol may spread
across large areas of the leaf and penetrate into the stomatal
pores. This liquid path through the pore reduces stomatal
control of water loss. This may degrade epidermal water status
by enhancing water loss, while also reducing the variability
in the hydraulic and humidity environments across the leaf
surface (Figure 5). While reduced epidermal water content might
increase stomatal heterogeneity, the uniform environment under
the liquid film might lead to more uniform epidermal water status
and reduce heterogeneity.

We observed a reduction in heterogeneity in the ambient
aerosol treatment. The intercept of 1A on d was significantly
lower in AA than FA at all VPD (Table 2A), reflecting reduced
heterogeneity among closely co-located pores (extrapolated to
zero separation). Exposure to aerosol also significantly reduced
both mean 1A (Table 1 and Figure 6) and median 1A
(Figure 7) at all levels of VPD. The considerable local variability is
illustrated by the closely positioned pores in Figure 1, exhibiting
1A of about 25% despite the guard cells bordering on the
same epidermal cell.

Although there were fewer pores at small and large separations
(Figure 2), the distributions of both mean 1A (Figure 6) and
median 1A (Figure 7) revealed a consistent increase with d
over the entire range. This was observed in both AA and FA
leaves, but the increase in 1A with d was reduced by aerosol
(Figures 6, 7). The slope of 1A on d was significantly reduced in
AA relative to FA at VPD of 0.33 kPa and 1.6 kPa (Table 2B; c.f.
Figures 6G,H, 7G,H). Slopes did not differ at 0.97 kPa or 2.3 kPa.
This reflects a general reduction in the increase in heterogeneity
with distance within the 1 cm2 sample area caused by aerosol
exposure. The median analysis is presented, along with the mean,
because the data often varied from normality.

The impact of VPD was less consistent. In AA, mean 1A
(Table 1) and the intercept of 1A at d = 0 (Table 2A) increased
with initial increase of VPD from 0.33 kPa through 0.97 to 1.6 kPa
but declined at 2.3 kPa. In contrast, in FA, the mean and intercept
of 1A increased with VPD from 0.33 to 0.97 kPa, but began to
decline at 1.6 kPa and declined further at 2.3 kPa. The pattern of
response of 1A over all pores (mean) and among closely spaced
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FIGURE 5 | The hypothesized role of thin liquid films in reducing microenvironmental variability across the leaf surface. Blue lines represent liquid formed by
condensation to deposited hygroscopic aerosol on the leaf surface, including that which penetrates the stomatal pores; blue arrows represent the evaporative flux of
water derived from this liquid. Green lines represent conventional apoplastic liquid water derived from the soil-root-xylem pathway passing through and around
mesophyll cells (m); green arrows represent the much larger evaporative flux of this water when stomata are open (left side) and its elimination by stomatal closure
(right side). Evaporation occurs from aerosol-condensed water with both open (left side) and closed (right side) stomata, as liquid continuity between leaf interior and
exterior is maintained largely independently of stomatal pore area determined by guard cell (gc) turgor. The leaf boundary layer (BL) is uniformly humidified across the
leaf surface and the osmotic environment of the cuticle (c) and underlying epidermis (e) is made more homogeneous by the presence of a liquid film. All fluxes (blue
and green arrows) eventually pass through the BL and enter the mixed free atmosphere (TA), representing water loss from the leaf.

pores (intercept) was similar in the aerosol treatments, but the
decline began at lower VPD in the absence of aerosol. In contrast,
the slope of 1A on d, reflecting larger scale heterogeneity, did not
differ consistently between levels of VPD (Table 2B).

Heterogeneity of stomatal pore area was composed of two
components, variability among pore areas that was not related
to the distance between the pores (Table 2A; left-most bars,
Figures 6, 7), and variability which trended systematically with d
(Table 2B; distributions, Figures 6, 7). The first type of variability
was expressed both as local heterogeneity between closely co-
located pores, and as a component of the magnitude of 1A
between more distant pores. Large values of 1A (>35 µm2)
were observed among neighboring pores in both AA and FA. In
all cases, local variability in 1A among neighboring pores was
greater than the increase in 1A with d across the observation area
of 1.4 cm (Figures 6, 7).

DISCUSSION

This study had two objectives, to characterize the distribution
of individual pore areas over a range of VPD levels, and to
elucidate the role of ambient aerosol in stomatal regulation of
plant water relations. The first objective is advanced through
analysis of an unusually large number of non-destructively
imaged pore areas, acquired previously (Grantz et al., 2018).
Previous experiments have approached this objective by imaging
many fewer pores, either the same pores repeated over time in
epidermal peels (Gorton et al., 1989) or different pores at different
times in leaf impressions (Smith et al., 1989). We advance the
second objective with a novel analysis of aerosol impacts on
stomatal heterogeneity. We showed previously that transpiration
per unit stomatal aperture and minimum leaf conductance both
increased following aerosol deposition (Burkhardt et al., 2001a;

Grantz et al., 2018). No previous analyses have considered
whether aerosol deposition might also affect the uniformity of
stomatal opening.

Pore Area Distribution
Stomatal opening is characterized by a strong element of
randomness that often results in a quasi-normal (bell-shaped)
distribution of pore areas (Gorton et al., 1989; Terashima, 1992;
Weyers and Lawson, 1997). Our observations confirm earlier
reports, including in V. faba (Laisk et al., 1980; Kappen et al.,
1987; Spence, 1987), of large within-leaf variability with quasi-
normally distributed pore areas, particularly at VPD = 0.33 kPa
and 0.97 kPa. There was large heterogeneity even among nearly
contiguous pores, as observed previously in V. faba and other
species. For example, adjacent stomata of homobaric tobacco
(Nicotiana tabacum) ranged from fully closed to fully open
(Pospisilova and Santrucek, 1994).

At higher VPD (1.6 kPa and 2.3 kPa), the distributions
skewed toward the origin, with a larger proportion of closed
pores and reduced mean and median values, as described
previously (Grantz, 1990; Grantz et al., 2018). These highly
skewed distributions may also belong to theoretically normal
distributions that extend into the imaginary territory of negative
pore area (Laisk et al., 1980). The maintenance of the bell-shaped
distribution even as mean and median pore area declined, reflects
synchronous, parallel, and potentially coordinated responses,
of similar magnitude by pores of different initial areas and in
different locations across the leaf (Saxe, 1979; Spence et al.,
1983; Kappen et al., 1987; Spence, 1987). This coherent behavior
resembles an emergent property (Mott and Buckley, 2000; Mott
and Peak, 2007) but the mechanism of such coordination remains
unknown. Elevated VPD increases transpiration and degrades
epidermal water status, suggesting metabolic and hydropassive
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FIGURE 6 | Relationships between the paired difference between pore area (1A) and the distance separating the pores (d) in ambient air (AA; gray bars; A,C,E,G)
and filtered air (FA; hatched bars, B,D,F,H) at different levels of evaporative demand (VPD), presented as mean ± s.e. Distance classes as in Figure 2.

responses of guard cells to epidermal water relations (Mott and
Franks, 2001; Buckley, 2005, 2019).

The deposition of hygroscopic aerosol on the leaf surface
may act similarly. The presence of thin liquid films lining
stomatal pores provides a non-diffusive liquid pathway for water
loss (Burkhardt et al., 2001b; Grantz et al., 2018), potentially
increasing transpiration and degrading epidermal water status.
Hygroscopic, particularly chaotropic, aerosol enhances the
formation of such films by deliquescence and facilitates their
spread across the leaf surface and into stomatal pores by
reducing the surface tension of the liquid on the leaf surface
(Monteith, 1957; Eiden et al., 1994; Dutcher et al., 2010;

Burkhardt and Hunsche, 2013; Burkhardt and Grantz, 2017;
Fernandez et al., 2017). Electrical conductance measurements
(Burkhardt and Eiden, 1994; Burkhardt et al., 1999; Burkhardt
and Hunsche, 2013) and electron micrography (Grantz et al.,
2018) demonstrate these films and their penetration into stomatal
pores (Eichert et al., 1998, 2008; Basi et al., 2014; Kaiser, 2014).
The resulting hydraulic linkage of apoplast to the leaf boundary
layer is associated with a reduction of mean pore area and
skewing of areas toward the origin (Burkhardt et al., 2001a, 2012;
Burkhardt, 2010; Pariyar et al., 2013; Grantz et al., 2018).

The current study demonstrates an apparent 3-way synergy
between elevated VPD, initial stomatal opening at low VPD,
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FIGURE 7 | Relationships between the paired difference between pore area (1A) and the distance separating the pores (d) in ambient air (AA; gray bars; A,C,E,G)
and filtered air (FA; hatched bars, B,D,F,H) at different levels of evaporative demand (VPD), presented as median. Distance classes as in Figure 2.

and deposition of aerosol, consistent with a cumulative effect
on epidermal water relations. At pore areas above about
180 µm2 (at VPD = 0.33 kPa) the dynamics of AA and
FA differ as VPD increased. The role of initial opening may
reside in the conditions required to sustain liquid water on
the leaf surface. This depends on the humidity of the BL
which is substantially affected by transpiration. The role of
aerosol deposition is to induce water accumulation on the leaf
surface from unsaturated air, which becomes more significant
at elevated VPD. In the absence of aerosol (FA), condensation
on the leaf surface requires approximately 100% RH, but the
presence of hygroscopic aerosol (AA) reduces this requirement

substantially (e.g., to 75% RH for deliquescence of NaCl aerosol;
Burkhardt and Grantz, 2017).

Pore Area Heterogeneity
Vicia faba is homobaric, without bundle sheath extensions or
specialized stomatal subsidiary cells. This removes within-areole
coordination of gaseous and water potential environments and
suggests weaker coordination among stomata at local scale and
potentially greater coordination at larger scale than in heterobaric
species. In the present study, variability among closely co-located
pores was large. This baseline level of 1A was a dominant
component of mean and median 1A at all levels of pore
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separation and at all levels of VPD. At larger scale, there was a
consistent increase of 1A with d at all VPD and both aerosol
treatments. However, the increase in 1A with distance was
less than the local variability observed between closely spaced
stomata. This reflects poor coordination between individual
pores that was degraded further with greater separation within
the 1.4 cm scale of our observations.

Degraded epidermal water status is associated with increased
stomatal heterogeneity (Sharkey and Seemann, 1989; Downton
et al., 1990; Haefner et al., 1997). However, in the present
study, VPD did not consistently increase the magnitude of
1A among neighboring pores, increasing only at moderate
levels then declining.

The increased water loss per unit stomatal opening observed
in the AA treatment (Grantz et al., 2018), suggested that aerosol
could increase stomatal heterogeneity. However, this was not
observed. Aerosol decreased heterogeneity among neighboring
pores at all levels of VPD and reduced the rate of increase of 1A
with d at all VPD.

The liquid film at the leaf surface in the presence of
aerosol may link stomata over potentially large areas of the leaf
surface by making the near-surface micro-environment more
homogeneous. This unifying effect may be more significant than
the effect of the liquid film on increased water loss and potential
impacts on epidermal water status.

Theories of stomatal optimization (Cowan and Farquhar,
1977) and of cavitation avoidance (Sperry et al., 2017), implicitly
consider stomata as a population, whether at the leaf, branch
or larger scale (Mott and Peak, 2007). Under conditions of high
boundary layer conductance, heterogeneity may be detrimental,
but in low wind or with large leaves it may improve gas
exchange efficiency. This may explain similar growth of plants
grown in AA or FA conditions (unpublished observations) in the
slowly ventilated greenhouse, but degraded water use efficiency
of AA leaves in the rapidly stirred cuvette of a gas exchange
system (Pariyar et al., 2013). By reducing heterogeneity, aerosol
deposition could reduce the errors in calculated values of Ci,
potentially a factor that distinguishes gas exchange measurements
made under controlled environment conditions from those made
in more aerosol-rich field conditions.

CONCLUSION

Stomatal heterogeneity and patchy conductance remain
enigmatic (Gunasekera and Berkowitz, 1992). Stomatal
patchiness represents stronger stomatal coordination at local
scale and poorer coordination at larger scale than predicted
by true randomness (Sharkey and Seemann, 1989; Downton
et al., 1990; Haefner et al., 1997; Lawson et al., 1998; Mott
and Buckley, 2000; Mott and Peak, 2007). While heterogeneity
among individual pore areas has been considered as noise (e.g.,
Cheeseman, 1991) it has more recently been seen as informative
regarding the physiological bases of stomatal opening mechanics
(Laisk et al., 1980), responses to environment (Mott et al., 1997;
Mott and Buckley, 2000) and of the signal processing required
for attainment of quasi-optimal stomatal behavior (Cheeseman,

1991; Cardon et al., 1994; Siebke and Weis, 1995; Kaiser and
Kappen, 1997; Mott and Peak, 2007). Environmental drivers
of coordination among individual members of populations of
stomatal pores, including light and VPD, have been considered
critical components of the stomatal regulatory system. Aerosol
deposition to leaves has not been considered as often, but may
play an important role.

We demonstrate, using a very large data set, that stomatal
pore areas may be described as quasi-normally distributed, even
as mean and median values change with VPD and aerosol
deposition. We show that VPD and aerosol deposition both
reduce mean pore area and the differences among pores, both
at local and greater scale within individual leaves of homobaric
V. faba. Synergy of these two ubiquitous environmental factors
with the previously unexplored factor of initial stomatal opening,
suggests linkage through impacts on epidermal water relations.
The aerosol exposure in this experiment was typical of regional
European particulate pollution (Putaud et al., 2010), and the
study material a short-lived herbaceous annual. These effects
may be greater in more hirsute and longer-lived leaves, and in
more heavily polluted environments (Kuki et al., 2008; Yang
et al., 2015). Aerosol impacts on leaf water relations and gas
exchange, mediated by the degree of stomatal opening and its
heterogeneity, may be more significant than commonly realized.
Further research focused on the control elements regulating
stomatal pore area (e.g., Buckley, 2019) and on their interactions
with aerosol deposition (e.g., Burkhardt and Grantz, 2017) may
be increasingly relevant to characterization of local and global
budgets of water and carbon.
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ABA-Induced Guard Cell Signaling
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The hormonal and environmental regulation of stomatal aperture is mediated by a
complex signaling pathway found within the guard cells that surround stomata.
Abscisic acid (ABA) induces stomatal closure in response to drought stress by binding
to its guard cell localized receptor, initiating a signaling cascade that includes synthesis of
reactive oxygen species (ROS). Genetic evidence in Arabidopsis indicates that ROS
produced by plasma membrane respiratory burst oxidase homolog (RBOH) enzymes
RBOHD and RBOHF modulate guard cell signaling and stomatal closure. However, ABA-
induced ROS accumulates in many locations such as the cytoplasm, chloroplasts,
nucleus, and endomembranes, some of which do not coincide with plasma membrane
localized RBOHs. ABA-induced guard cell ROS accumulation has distinct spatial and
temporal patterns that drive stomatal closure. Productive ROS signaling requires both
rapid increases in ROS, as well as the ability of cells to prevent ROS from reaching
damaging levels through synthesis of antioxidants, including flavonols. The relationship
between locations of ROS accumulation and ABA signaling and the role of enzymatic and
small molecule ROS scavengers in maintaining ROS homeostasis in guard cells are
summarized in this review. Understanding the mechanisms of ROS production and
homeostasis and the role of ROS in guard cell signaling can provide a better
understanding of plant response to stress and could provide an avenue for the
development of crop plants with increased stress tolerance.

Keywords: guard cell, reactive oxygen species, stomata, abscisic acid, flavonols, respiratory burst oxidase homolog
INTRODUCTION

Stomatal aperture must be tightly regulated to ensure optimal CO2 entry for photosynthesis while
protecting plants against excess water loss and pathogen attack (Nilson and Assmann, 2007). The
opening and closing of stomata are mediated by changes in turgor pressure inside guard cells that
surround the stomatal pore (Schroeder et al., 2001). Guard cell turgor is controlled by signal
transduction cascades that are induced by many environmental signals, including water availability
(Xu et al., 2014; Xu et al., 2016; Li et al., 2017; Qi et al., 2018; Qu et al., 2018; Tõldsepp et al., 2018).
Decreased water availability increases abscisic acid (ABA) synthesis, which induces stomatal closure
and a myriad of other plant responses (Zhu, 2016; Vishwakarma et al., 2017).

Guard cells have an elegant signaling cascade induced upon ABA binding to a family of soluble
receptor proteins including PYRABACTIN RESISTANCE 1 (PYR1) (Park et al., 2009), which is
summarized in Figure 1A. The ABA-bound receptor inhibits Clade A protein phosphatases type 2C
.org June 2020 | Volume 11 | Article 9681136
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Postiglione and Muday ROS in Guard Cell Signaling
(PP2Cs), such as ABI1 (Ma et al., 2009; Park et al., 2009;
Nishimura et al., 2010). The inhibition of PP2Cs prevents
protein dephosphorylation and negative regulation of ABA
signaling (Park et al., 2009). Targets of PP2Cs include Sucrose
nonfermenting Related Kinase 2 family members (SnRK2s), with
the best characterized target being OPEN STOMATA 1 (OST1)/
Frontiers in Plant Science | www.frontiersin.org 2137
SnRK2.6 (Mustilli et al., 2002). OST1 transmits the ABA signal
through phosphorylation of downstream targets, ultimately
triggering a rapid burst of Reactive Oxygen Species (ROS) (Pei
et al., 2000), which can then stimulate guard cell ion channels
(Geiger et al., 2009; Demidchik, 2018). In this review, we
summarize the current literature on ABA-induced ROS
A

B

C

FIGURE 1 | ABA increases ROS levels in guard cells in multiple subcellular locations. (A) A schematic model of the ABA signaling pathway during stomatal closure.
Blue fonts represent proteins, while green fonts represent molecules. (B) Treatment with ABA for 45 min increases DCF fluorescence and decreases stomatal
aperture in tomato guard cells. (C) The signal of the generic ROS sensor, DCF (green), is detected in the cytosol, nucleus, chloroplasts (pink), and endomembranes,
with rapid and dramatic increases in all these locations in response to ABA treatment. RBOH enzymes (purple) produce ROS at the plasma membrane but can be
internalized into endosomes. ROS signal also overlays peroxisome (orange), but whether this signal increases with ABA has not yet been reported. Central vacuole is
not shown in illustration.
June 2020 | Volume 11 | Article 968
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production, targets of ROS signaling pathways, and how ROS
homeostasis is maintained to keep ROS concentration
appropriate for productive guard cell signaling.
ABA INDUCED ROS IN GUARD CELLS
DRIVES STOMATAL CLOSURE

ROS can act as a developmental and hormonal response signal
(Mittler, 2017; Huang et al., 2019) with ABA-induced ROS bursts
emerging as an elegant example (Singh et al., 2017). ABA-
induced ROS accumulation in guard cells is most frequently
visualized by fluorescence of the ROS sensor 2′ ,7′-
dichlorofluorescein (DCF) (Pei et al., 2000; Murata et al., 2001;
Watkins et al., 2014; Watkins et al., 2017). Improvements in the
resolution of confocal microscopy have revealed ABA-induced
ROS signals in the guard cell nucleus, cytoplasm, chloroplasts,
and endomembrane bodies (Watkins et al., 2017), (Figure 1B).
ABA-dependent increases in DCF fluorescence are rapid, having
been reported within 2 min after ABA treatment (Pei et al.,
2000), although other studies detect slower changes observed
within 15 min and maximal after 45 min (Figure 1B) (Watkins
et al., 2017). These DCF changes are slower than changes in ion
movements detected at 1 min after ABA treatment via
electrophysiology (Hamilton et al., 2000). This difference may
reflect the methodology used for these measurements.

It is important to understand which ROS are increased in
response to ABA as they each have distinct functions. ROS as
they each have distinct functions are highly reactive derivatives
of molecular oxygen, which include hydroxyl radical (·OH),
singlet oxygen (1O2), superoxide anion (O2·

−), and hydrogen
peroxide (H2O2). DCF is a general ROS sensor as it is oxidized by
multiple ROS (Chen et al., 2010). A recent study used the H2O2

specific probe Peroxy Orange1 (PO1) and showed that the
Frontiers in Plant Science | www.frontiersin.org 3138
pattern of H2O2 accumulation parallels the total ROS profile
detected by DCF, except in the nucleus where little PO1 signal
was observed (Watkins et al., 2017) (Figure 2B).

ABA induced stomatal closure has been shown to be dependent
on ROS increases using several approaches. Guard cell closure is
reduced, but not totally abolished, by treatment with ROS
scavengers (Zhang et al., 2001) and inhibitors of or mutants in
ROS producing enzymes (Pei et al., 2000; Watkins et al., 2017; Iwai
et al., 2019). These partial effects are consistent with ROS
independent closure and/or multiple sources of guard cell ROS.
The most intriguing results were obtained via genetic mutants of
Respiratory Burst Oxidase Homolog (RBOH)/NADPH Oxidase
(NOX) enzymes, suggesting RBOH dependent ROS synthesis
drives the ABA response (Kwak et al., 2003).
EXPRESSION AND FUNCTION OF RBOH
ENZYMES IN ABA SIGNALING

The Arabidopsis genome encodes 10 RBOH family members,
RBOHA-RBOHJ that have important roles in signaling induced
ROS synthesis (Suzuki et al., 2011; Chapman et al., 2019). RBOH
enzymes have distinct expression patterns and regulate
development and signaling (Chapman et al., 2019). These
plasma membrane (PM)-localized proteins have six
transmembrane domains, a C-terminal FAD-binding domain
and two N-terminal calcium-binding EF hands (Torres and
Dangl, 2005). RBOHs produce extracellular superoxide by
transferring electrons from NADPH or FADH2 to oxygen
(Suzuki et al., 2011). Superoxide can then be converted to
H2O2 spontaneously or by Superoxide Dismutase (SOD). This
extracellular H2O2 enters the plant cells through PM aquaporins
(Bienert et al., 2007; Tian et al., 2016; Rodrigues et al., 2017).
A B

FIGURE 2 | Arabidopsis and tomato mutants with decreased flavonoid antioxidants have increased ROS accumulation. (A) Confocal micrographs of DCF-stained
guard cells of 4-week-old VF36 (wild-type) and are plants show that flavonol deficient mutants have increased ROS levels both in the absence or presence of 20 µM
ABA. (B) Confocal micrographs of DCF and PO1 fluorescence in guard cells of 4-week-old tomato and Arabidopsis leaves show tomato and Arabidopsis with
decreased flavonol levels have increased total ROS and H2O2 levels. Scale bars = 5 µm. DCF signal is shown in green, PO1 signal in blue, and chlorophyll
autofluorescence in magenta. Images obtained from experiments completed in (Watkins et al., 2014; Watkins et al., 2017).
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Genetic approaches have demonstrated the importance of
RBOHD and RBOHF in ABA-induced stomatal closure (Kwak
et al., 2003). An rbohf single mutant and an rbohd/f double
mutant show reduced rates of ABA-induced ROS synthesis and
partial impairment in stomatal closure, while the rbohd single
mutant had wild-type responses (Kwak et al., 2003). Treatment
with an RBOH inhibitor, diphenyleneiodonium (DPI), also
impaired ROS production and ABA-induced stomatal closure
in Arabidopsis (Zhang et al., 2001) and tomato (Watkins et al.,
2017). Together these results implicate RBOHs as important
modulators of ABA-dependent stomatal closure.
REGULATION OF RBOH SYNTHESIS AND
ACTIVITY

The synthesis of RBOHs is regulated transcriptionally (Yun et al.,
2011; Hao et al., 2014; Qu et al., 2017). In Arabidopsis, RBOHD
and RBOHF, the two RBOHs with known function in guard cells,
are expressed in this cell type as judged by transcript abundance
and transcriptional reporters (Kwak et al., 2003; Chapman et al.,
2019). The abundance of RBOHD and RBOHF transcripts has
been reported to be increased by ABA treatment and abiotic
stress including drought, salt, and elevated osmoticum (Kwak
et al., 2003; Kilian et al., 2007).

RBOH activity is also posttranslationally regulated to
coordinate the timing and magnitude of the ROS burst.
Mutants in phospholipase Da1 (PLDa1) have decreased
phosphatidic acid synthesis, which impaired ABA-induced
ROS production and stomatal closure (Zhang et al., 2009).
Treatment with DPI did not affect the plda1 mutant further,
implicating phosphatidic acid as a positive regulator of RBOHs
(Zhang et al., 2009). RBOHF is regulated by Ca2+ dependent
phosphorylation by Calcineurin B-Like (CBL) which interacts
with CBL-Interacting Protein Kinases (CIPKs) (Kimura et al.,
2013). One report indicated that this complex negatively
regulated ROS synthesis (Kimura et al., 2013), while a second
report showed that coexpression of CIPK26 and CBL1 or CBL9
increased RBOHF-dependent ROS production, while CIPK26
alone had no effect (Drerup et al., 2013). Additionally, activated
OST1 phosphorylates RBOHF, which may be required for its
activation (Sirichandra et al., 2009). Nitrosylation of RBOHD at
Cysteine 890 eliminates ROS production to block guard cell
apoptosis when these cells are undergoing a pathogen induced
immune response in Arabidopsis (Yun et al., 2011).
ROS INTEGRATION WITH ABA SIGNALING
MACHINERY

A central question is where ABA-induced ROS integrates with
guard cell signaling machinery. Two PP2C enzymes, ABA
insensitive 1 (ABI1) and ABI2, which were identified in
mutant screens for ABA insensitivity in stomatal closure
assays, are negative regulators of ABA signaling. Both proteins
are inactivated by H2O2 (Meinhard and Grill, 2001; Meinhard
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et al., 2002). The abi1-1 and abi2-1 mutants are defective in
interactions with ABA receptors resulting in constitutive SnRK2
inactivation, blocking ABA signaling and stomatal closure
(Umezawa et al., 2009). In abi1-1, ABA treatment failed to
induce ROS production and stomatal closure (Murata et al.,
2001). Impaired stomatal closure in abi1-1 was restored by
exogenous H2O2 treatment, suggesting that ROS is
downstream of ABI1 (Figure 1A). However, in this same
study, ABA induced a ROS burst in abi2-1, and the impaired
stomatal closure was not rescued by H2O2 treatment, suggesting
ABI2 may be downstream of the ABA-induced ROS burst.

ROS can regulate plant signaling cascades by modulating the
activity of target proteins through reversible oxidation of cysteine
residues (Waszczak et al., 2015). ABA-induced ROS activates the
plasma membrane-localized Guard Cell Hydrogen Peroxide
Resistant1 (GHR1) receptor-like kinase which controls calcium
channel activation (Pei et al., 2000; Hua et al., 2012; Sierla et al.,
2018). Mitogen Activated Protein Kinases (MAPKs) are also
downstream targets of ROS in guard cells (Lee et al., 2016).
Treatment with both ABA and H2O2 activated the guard cell
specific MPK12, which works with MPK9 to positively regulate
ABA-induced stomatal closure (Jammes et al., 2009). Two other
guard cell map kinases, MPK3 and MPK6, are implicated in guard
cell response to pathogen attack and have increased activity after
H2O2 treatment (Kovtun et al., 2000; Yuasa et al., 2001). MPK3 and
MPK6 activation is unaffected in the rbohd/f double mutant
following treatment with flg22, a pathogen elicitor, suggesting that
MPK3/MPK6 activation during pathogen response is not RBOH
dependent (Xu et al., 2014). Altogether, the current evidence
suggests that ABI1 is upstream of ABA-induced ROS synthesis
(and feedback inhibited by ROS) while ABI2, GHR1, and MAPKs
are downstream of ROS (Figure 1A), although aspects of this model
need further experimentation.
ANTIOXIDANTS REGULATE ROS
HOMEOSTASIS TO MODULATE
STOMATAL APERTURE

For ROS to serve as productive signaling molecules, they need to
increase to drive signaling and development (Chapman et al.,
2019), but if ROS increases are left unchecked, ROS can
accumulate to dangerous levels resulting in oxidative damage
of proteins, DNA, and lipids (Betteridge, 2000). Guard cells
contain both enzymatic and nonenzymatic machinery to
maintain ROS homeostasis to prevent ROS from reaching
damaging levels (Chen and Gallie, 2004; Watkins et al., 2014;
Singh et al., 2017; Watkins et al., 2017; Yamauchi et al., 2019).
These antioxidants regulate the responses to ABA in guard cells.

Flavonols are a class of plant specialized antioxidant
metabolites that reduce ROS accumulation in guard cells to
regulate stomatal closure (Watkins et al., 2014; Watkins et al.,
2017). Mutants in tomato and Arabidopsis with decreased
flavonol production had increased guard cell ROS (Watkins
et al., 2014) and were more sensitive to ABA-induced stomatal
closure (Watkins et al., 2017) (Figure 2). Mutants with elevated
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levels of flavonols have decreased ROS accumulation and
decreased ABA sensitivity (Watkins et al., 2017) as visualized
using DCF and PO1. ROS signals in flavonol deficient mutants
were increased in chloroplasts and unidentified endomembrane
structures with both sensors, while DCF, but not PO1, was
elevated in the nucleus (Figure 2).

Guard cells also maintain ROS homeostasis during ABA
signaling via antioxidant enzymes such as catalases, SODs,
thioredoxin reductases, glutathione peroxidases, and ascorbate
peroxidases (APX) (Chen and Gallie, 2004; Miao et al., 2006;
Jannat et al., 2011; Tiew et al., 2015). The H2O2 scavengers,
APX1 and catalases 1 and 3 are abundant enzymatic antioxidants
in guard cells (Chen and Gallie, 2004; Jannat et al., 2011) and
mutants deficient in these enzymes have enhanced ABA
responses (Pnueli et al., 2003; Jannat et al., 2011). The
calmodulin-like20 (cml20) mutant showed decreased APX2
expression and increased ROS levels, resulting in an ABA
hypersensitive stomatal phenotype (Wu et al., 2017), consistent
with the absence of antioxidant enzyme synthesis.
DISTINCT LOCATIONS OF ABA-INDUCED
ROS

ABA-induced ROS accumulates in the cytoplasm, chloroplasts,
nucleus, and endomembrane structures; many of these locations
are highlighted by DCF and PO1 accumulation shown in Figures
1 and 2 (Watkins et al., 2017). In addition to membrane-
localized RBOHs, chloroplasts and peroxisomes are also major
sources of plant cell ROS that are produced by organelle-
localized metabolic processes and enzymatic machinery (Foyer
and Noctor, 2003; Asada, 2006). The following sections explore
organelle specific ABA-regulated ROS accumulation
and signaling.

Nuclear ROS
ABA treatment increases ROS levels in guard cell nuclei (Leshem
et al., 2010; Watkins et al., 2014; Watkins et al., 2017), although
the mechanisms for this increase are unknown. Isolated tobacco
nuclei have increased H2O2 following calcium application
(Ashtamker et al., 2007), consistent with ROS synthesized
within this organelle. Nuclear ROS may also increase via
diffusion from the cytosol, retrograde signal transport from
other organelles (see Chloroplast section), or through
trafficking of ROS-producing enzymes to the nucleus. The
mammalian NOX1 and NOX4 localize to the nucleus to
produce ROS necessary for regulating gene expression,
(Chamulitrat et al., 2003; Kuroda et al., 2005; Saez et al., 2016),
but whether plants share this mechanism is unclear.

Nuclear ROS may function to regulate transcriptional
cascades through reversible cysteine oxidation of transcription
factors (TFs) to change their activity and/or localization (Peleg-
Grossman et al., 2010; Poole, 2015). In plants, several stress
responsive TF families such as WRKY, MYB, NAC, heat shock
factors (HSF), and ZAT are redox regulated (He et al., 2018).
Additionally, ABA-induced ROS could function to oxidize
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proteases that degrade TFs or modulate kinase or phosphatase
activity that target TFs through mechanisms that have been
demonstrated in other systems (Schieber and Chandel, 2014).

Endosomes and Endomembrane
Trafficking
ABA increases ROS in small endomembrane structures,
visualized with both DCF and PO1, which share common
features with endosomes (Leshem et al., 2010; Hao et al., 2014;
Watkins et al., 2017). In mammalian systems, redox-activated
endosomes, termed “redoxosomes”, contain NOX family
components that deliver ROS where it is needed for productive
signaling (Oakley et al., 2009). While literature surrounding
endosomal ROS in plants is scarce, endomembrane trafficking
has been shown to play a role in ABA-induced stomatal closure.
Knockdown of vesicle associated membrane protein 71 family
(VAMP71), which mediates endosome fusion to the central
vacuole, resulted in increased quantities of ROS-containing
vesicles in the cytoplasm, although the magnitude of total ROS
was similar to the wild-type. VAMP71 knockdown also impaired
stomatal closure following ABA treatment (Leshem et al., 2010).
RBOH trafficking may drive these localized ROS increases.

ABA treatment results in clathrin-dependent endocytosis of
GFP-RBOHD (Hao et al., 2014). Similarly, salt stress resulted in
RBOH endocytosis and increased ROS levels in endosomes
(Leshem et al., 2007). Trafficking of ion channels to and from
the PM regulates guard cell turgor to modulate stomatal opening
(Meckel et al., 2004). Together these findings suggest that the
internalization of RBOHs and ion channels into endosomes may
be a mechanism to spatially regulate intracellular ROS-mediated
signaling. In tomato guard cells, ABA was shown to induce
unidentified ROS-containing endomembrane structures that
were in greater quantities in mutants with reduced synthesis of
flavonol antioxidants (Watkins et al., 2017). Determination of
the organelle identity of these endomembrane structures is an
important area of future study.

Two other endomembrane organelles may participate in ROS
signaling in guard cells. The guard cell central vacuole has
recently been suggested to be a site of ROS synthesis via a
copper amine oxidase (CuAOd) involved in ABA-dependent
vacuolar ROS increases and stomatal closure (Fraudentali et al.,
2019). It is not yet clear how vacuolar ROS signals integrate into
ABA signaling and guard cell closure. Guard cell ROS may also
be regulated by autophagy of aggregated peroxisomes formed
under oxidative stress (Yamauchi et al., 2019). Autophagy
impaired mutants had increased ROS levels, increased number
of oxidized peroxisomes, and decreased sensitivity to light-
dependent stomatal opening. Antioxidant treatments rescued
this phenotype (Yamauchi et al., 2019), yet whether this is linked
to ABA-induced closure was not reported.

Chloroplasts
ABA biosynthesis begins in chloroplasts (Finkelstein, 2013) and
ABA signaling and ROS production also occur in this organelle
(Asada, 2006; Pornsiriwong et al., 2017). Mg-chelatase H subunit
(CHLH) is a chloroplast protein that functions in communicating
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chloroplast signals to the nucleus, or retrograde signaling, and
positively regulating ABA signaling. A CHLH RNAi line has
impaired stomatal closure and drought tolerance (Shen et al.,
2006). It is still unclear whether CHLH affects ABA-induced ROS
production, though OST1 expression was decreased following
CHLH knockdown, suggesting there is crosstalk with positive
regulators of ABA-induced ROS (Shen et al., 2006). Initially
CHLH was suggested to act as an ABA receptor, but was later
shown to modulate ABA signaling without binding ABA directly
(Tsuzuki et al., 2011) suggesting additional studies are needed
(Cutler et al., 2010).

Other signals that originate within guard cell chloroplasts
have been shown to stimulate ROS increases and stomatal
closure in Arabidopsis (Zhao et al., 2019). The molecule 3′-
phosphoadenosine 5′-phosphate (PAP) shows oxidative stress-
induced synthesis and restores ABA-induced ROS production
and stomatal phenotypes to the ABA insensitive mutants ost1-2
and abi1-1. PAP may function in parallel to the canonical ABA
machinery by upregulating Ca2+ signaling proteins that activate
SLAC1 and other ion channels to regulate stomatal closure
(Pornsiriwong et al., 2017).

H2O2 can be a chloroplast retrograde signal by moving
through stromules, which are tubules that extend from
chloroplasts to the nucleus (Kwok and Hanson, 2004; Caplan
et al., 2015) at a sufficient concentration to induce programmed
cell death during pathogen response (Caplan et al., 2015).
Stromule formation was induced by ABA and other oxidative
signals (Gray et al., 2012; Brunkard et al., 2015), but whether
stromules can transport ROS to the nucleus in other stress
responses still needs to be evaluated. ROS produced through
photorespiration have also been shown to be necessary for
stomatal closure (Iwai et al., 2019). Treatment with two
photosynthetic electron transport inhibitors in Arabidopsis led
to reduced guard cell ROS and stomatal closure in the wild-type
and the rbohd/f double mutant (Iwai et al., 2019). Together these
findings highlight the importance of chloroplast signaling on
ABA-induced ROS production and stomatal closure.
CONCLUSION AND FUTURE DIRECTIONS

It is an exciting time to study the role of ROS as second
messengers in guard cell signaling. Genetic approaches have
shown that ROS produced by RBOH enzymes at the PM plays a
significant role in ABA-induced stomatal closure, although there
Frontiers in Plant Science | www.frontiersin.org 6141
may be other ROS sources that regulate this response. Changes in
ROS levels in many of the organelles discussed in this review
have been identified via colocalization of ROS dyes with
organelle-specific probes and reporters. ROS accumulation and
how it changes in guard cells in response to elevated ABA in
nuclei, chloroplasts, and endosomes are illustrated in Figure 1C,
which synthesizes results from multiple experiments
summarized in this review. While fluorescent dyes provide
beneficial spatial information for ROS levels, limitations such
as dye irreversibility, working concentration, and incubation
time for uptake restrict insights into the temporal dynamics of
ROS regulation in guard cells. Moving forward, it will be valuable
to apply new tools such as organelle localized, genetically
encoded ROS sensors to fully elucidate this information
(Anjum et al., 2020). Mutants defective in ROS synthesis and
signaling and antioxidant synthesis highlight roles for each
organelle in ROS-dependent stomatal closure. Defining the
contribution of each ROS source to ABA signaling will allow
better understanding of how ABA-induced ROS signals are
generated, communicated, and balanced in the guard cell
signaling circuit.
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Flanking Support: How Subsidiary
Cells Contribute to Stomatal Form
and Function
Antonia Gray†, Le Liu† and Michelle Facette*†

Department of Biology, University of Massachusetts Amherst, Amherst, MA, United States

Few evolutionary adaptations in plants were so critical as the stomatal complex. This
structure allows transpiration and efficient gas exchange with the atmosphere. Plants
have evolved numerous distinct stomatal architectures to facilitate gas exchange, while
balancing water loss and protection from pathogens that can egress via the stomatal
pore. Some plants have simple stomata composed of two kidney-shaped guard cells;
however, the stomatal apparatus of many plants includes subsidiary cells. Guard cells
and subsidiary cells may originate from a single cell lineage, or subsidiary cells may be
recruited from cells adjacent to the guard mother cell. The number and morphology
of subsidiary cells varies dramatically, and subsidiary cell function is also varied.
Subsidiary cells may support guard cell function by offering a mechanical advantage
that facilitates guard cell movements, and/or by acting as a reservoir for water and
ions. In other cases, subsidiary cells introduce or enhance certain morphologies (such
as sunken stomata) that affect gas exchange. Here we review the diversity of stomatal
morphology with an emphasis on multi-cellular stomata that include subsidiary cells. We
will discuss how subsidiary cells arise and the divisions that produce them; and provide
examples of anatomical, mechanical and biochemical consequences of subsidiary cells
on stomatal function.

Keywords: stomata, subsidiary cell, guard cell, plant development, cell division

INTRODUCTION: WHAT IS A SUBSIDIARY CELL?

Subsidiary cells are non-guard cells within the stomatal complex. But how do we determine which
cells are subsidiary cells? Guard cells flank the stomatal pore and therefore are easily identified.
Guard cells have rightly been the focus of scientific inquiry into stomatal function. Turgor-driven
movements of guard cell pairs regulate stomatal aperture, and over the last two decades our
knowledge of guard cell function has improved dramatically (reviewed in Munemasa et al., 2015;
Eisenach and De Angeli, 2017; Jezek and Blatt, 2017). However, relatively little progress has been
made toward understanding the role of subsidiary cells. Moreover, identifying and defining exactly
which cells comprise the stomatal complex (and even which plants possess them) has proven
non-trivial. Taxonomists, anatomists, physiologists, and developmental biologists are likely to
have different perspectives on what defines a subsidiary cell. We best identify as developmental
biologists, but in this review attempt to synthesize information on subsidiary cells from several
perspectives. We choose to define subsidiary cells broadly: cells that are adjacent to guard cells
(but not necessarily touching) and are distinct from other epidermal cells. “Distinct” is most easily
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identified by a unique morphology, but may also be identified by
a unique molecular signature. As part of the stomatal complex,
subsidiary cells may support guard cell function – but how
subsidiary cells do this is likely to be varied and may be
biochemical, mechanical or anatomical. In fact, in many cases the
definition is taxonomic, but without a complete understanding of
the physiological contributions subsidiary cells offer guard cells,
a precise definition is difficult.

Ambiguity in subsidiary cell identification is not a recent
development. Pant defines a subsidiary cell as any cell that
is “recognizably modified” and touching a guard cell; he calls
specialized cells surrounding the subsidiary that do not touch
a guard cell an “encircling cell” (Pant, 1965). In her classic
textbook, Esau identifies subsidiary cells as those that “appear
to be associated functionally [. . .] and are morphologically
distinct from other epidermal cells” (Esau, 1965) and may include
cells that do not touch. Unfortunately, even these relatively
simple definitions can be ambiguous or conflicting – both
rely on subjective assessments of whether a subsidiary cell has
a “distinct” or “recognizably modified” morphology. We use
language consistent with Tomlinson (1969) and term all of these
subsidiary cells. We consider any cell associated with guard cells
that has an identity distinct from neighboring cells a subsidiary
cell. A distinct identity can be defined not only by a unique
morphology, but by a unique molecular signature (such as
genes or proteins expressed). The division sequence of subsidiary
cells may produce anatomically distinct cells. In our inclusive
definition, we consider taxonomic and anatomical contributions
as important as physiological contributions, but realize as our
understanding of subsidiary cell function expands more refined
definitions will likely develop.

Contrasting the stomatal apparatus between the model
systems Arabidopsis thaliana and Zea mays highlights some of the
difficulty in identifying subsidiary cells. In many cases it is simple
to identify morphologically distinct cells flanking the guard cells,
such as the case in Z. mays (corn or maize). In Z. mays and other
grasses subsidiary cells are always in pairs flanking the guard
cells, are uniquely shaped, are more pectin-rich and are therefore
readily identified (Figure 1A). However, in the Brassicaceae –
which includes the model species A. thaliana – subsidiary cells
are subtly different from epidermal cells. The subsidiary cells
are unequal in size and variable in shape, making them difficult
to identify (Figure 1B). Not every stomatal complex within the
same A. thaliana leaf includes subsidiary cells (Nadeau and Sack,
2002). This morphological ambiguity has led to disagreement
as to whether A. thaliana has subsidiary cells at all (Serna
and Fenoll, 2000; Nunes et al., 2020). Given the subtle shape
differences in putative subsidiary cells in A. thaliana, molecular
markers may be a good way to identify subsidiary cells. Gene-
specific expression may be considered evidence supporting an
identity distinct from other epidermal cells, which may in turn
be indicative of a unique function. PATROL1 controls protein
trafficking including that of the plasma membrane proton pump
AHA1, which is important for guard cell function (Hashimoto-
Sugimoto et al., 2013). PATROL1 is expressed in guard cells and
a subset of adjacent cells – which are subsidiary cells (Higaki
et al., 2014). Since not all guard-cell adjacent cells express

FIGURE 1 | Stomatal complexes in two model systems. (A) Zea mays (maize)
has paracytic stomata. The subsidiary cells dominate the stomatal complex
while the guard cells are a pair of small dumbbell shaped cells in the center.(B)
Arabidopsis thaliana has both anisocytic stomata with three subsidiary cells
and anomocytic stomata with no subsidiary cells. The anisocytic stomatacan
be difficult to detect, since the subsidiary cells are variable in size.

PATROL1, but rather it appears in the smaller cells previously
identified as subsidiary cells, this indicates these cells have a
unique molecular identity and should be considered part of the
stomatal complex. Additional molecular markers of subsidiary
cell fate will help clarify if (and which) guard-cell adjacent cells
have identities distinct from other epidermal cells, but none are
currently known in A. thaliana. In Z. mays, where subsidiary
cells are morphologically obvious, there are potential molecular
markers of subsidiary cell identity. A SWEET-family protein
is expressed in subsidiary cells (Wang et al., 2019b). A gene
encoding a specific Shaker-family potassium channel is also
specifically expressed in maize subsidiary cells (Büchsenschütz
et al., 2005). Whether expression of these genes – and subsidiary
cell identity in general – is conserved across species is unknown.
We predict that while some characteristics might be preserved,
there is likely to be a large variation in the molecular components
within subsidiary cells since they are varied in morphology, size,
and ontogeny. A more thorough understanding of subsidiary cell
function will help in accurate classification.

WHAT DO SUBSIDIARY CELLS LOOK
LIKE?

Subsidiary cells vary widely in number, arrangement and
potential function. The diversity in stomatal apparatus
morphology is due primarily to diversity in subsidiary cell
features, which has led to accepted definitions of subsidiary cell
arrangements. Stomatal terminology was originally associated
with certain taxonomic groups; thus, the language of stomatal
subtypes is elaborate. It can be confusing at best, and conflicting
at times. Our coverage of stomatal complexes will not be
exhaustive; rather we will highlight stomatal patterns that
either illustrate different ontogenies or stomatal morphologies,
especially those that we feel are interesting from a developmental
perspective or highlight physiological contributions. A recent
survey of stomatal complex morphologies, from a variety of
monocot plant lineages and their cell divisions, is reviewed
in Rudall et al. (2013). Texts that cover stomatal complex

Frontiers in Plant Science | www.frontiersin.org 2 July 2020 | Volume 11 | Article 881146

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00881 June 30, 2020 Time: 21:0 # 3

Gray et al. Subsidiary Cell Form and Function

morphology that we have found particularly informative include:
(Pant, 1965; Tomlinson, 1969, 1974; Fryns-Claessens and Van
Cotthem, 1973; Ziegler, 1987; Prabhakar, 2004; Carpenter, 2005).

Examples of known stomatal morphologies imaged via
confocal microscopy, including reconstructed side views through
the stomatal pore, are in Figures 2, 3. Division patterns to
achieve different stomatal morphologies are in Figure 4. Lateral
subsidiary cells run parallel to the stomatal pore whereas polar
subsidiary cells are perpendicular to the stomatal pore. Stomata
that have no discernable subsidiary cells are called anomocytic,
such as those in Selaginella uncinata (Figure 2A). Previously,
anomocytic stomata were termed ranunculaceous (Metcalfe and
Chalke, 1957). A. thaliana has both anomocytic stomata and
anisocytic stomatal complexes (Figure 1A). Anisocytic stomatal
complexes have three unequally sized subsidiary cells associated
with the guard cell pair, where one of these three cells is smaller
than the other two. Previously, anisocytic stomata were termed
cruciferous because this arrangement is typical of crucifers
such as A. thaliana (Metcalfe and Chalke, 1957). Wild tomato
(Solanum spp.) may also have both anomocytic and anisocytic
stomata (Figure 2B; Sampaio et al., 2014). Comparison of the
physiological responses of different adjacent stomata – those with
and without subsidiary cells – in species such as A. thaliana
or tomato would help illustrate the functional contributions of
subsidiary cells in a species where only subtle morphological
differences exist.

Stomatal complexes with a pair of lateral subsidiary cells are
called paracytic (previously rubiaceous) (Metcalfe and Chalke,
1957). Coffea rubiacea (coffee) has paracytic stomata (Figure 2C).
Grass stomata are not only paracytic, but also have dumbbell-
shaped guard cells and therefore are termed Graminacious
(Figure 2D). The contributions of subsidiary cells in grasses
are arguably the best studied (e.g., Raschke and Fellows, 1971;
Majore et al., 2002; Raissig et al., 2017; Wang et al., 2019b).
The subsidiaries align along the outer edge of the guard cell
and maintain the symmetrically parallel arrangement of guard
cells. It is easy to imagine how the extended cell-cell contact
might help support guard cells mechanically and biochemically.
Graminaceous stomata have been recognized for their rapid
movements, which is thought to be attributable to both their
paracytic subsidiary cells and the unique shape of the guard cells
(Johnsson et al., 1976; Franks and Farquhar, 2007; Vico et al.,
2011). Musa acuminata (banana) stomata are an example of how
stomatal form can be difficult to classify (Figure 2E). A pair
of obvious lateral subsidiary cells indicate paracytic stomata;
however, in some cases it appears there may be a pair of polar
subsidiary cells as well, or in some cases even up to six subsidiaries
(hexacytic). In side view, lateral subsidiary cells overarch the
stomatal pore, whereas none of the other adjacent cells do so;
hence we predict all these stomatal complexes are paracytic. As-
of-yet unidentified molecular markers would help clarify these
cells’ identities.

Stomata with a pair of polar subsidiary cells perpendicular
to the guard cell pore orientation are called diacytic (previously
caryophyllaceous), such as those in Dianthus chinensis
(Figure 2F). Note the cuticular ledges of D. chinensis (magenta)
that are set back from the pore (Figure 2Fi) and can be seen in

side view (Figure 2Fii). In contrast, these cuticular ledges are
quite close to the center of the pore in coffee and tomato.

More complicated stomatal architectures are shown in
Figure 3. Subsidiary cells in Kalanchoe spp. are easy to identify
and this plant displays several stomatal types within a single leaf
(Figure 3A). Figure 3Ai shows an anisocytic stomatal complex,
but often stomatal complexes with a spiral pattern of additional
subsidiary cells can be observed, such as in the upper right corner
of Figure 3Aiii. This spiraling pattern is termed heliocytic (Fryns-
Claessens and Van Cotthem, 1973); although spiral stomatal
complexes in Kalanchoe spp. have been otherwise classified
(Inamdar and Patel, 1970; Xu et al., 2018; Nunes et al., 2020).
Stomata in Begonia spp. are likewise heliocytic (Figure 3B) and
may be found in clusters or individually (Figure 5). The pattern
of cell divisions that produce anisocytic and heliocytic stomata
are initially similar (discussed in the section below) therefore it
is notable that Kalanchoe spp. has both stomatal architectures.
Stomatal complexes of Didierea madagascariensis are unique;
they may be paracytic but often will have additional C-shaped
subsidiary cells (Figure 3C).

Stomata with four stomata are often termed tetracytic,
although the cell arrangements vary. For example, Anacampseros
rufescens has 4 lateral subsidiary cells (Figure 3D) while Agave
bracena has 2 lateral and 2 polar subsidiaries (Figure 3E). The
stomata of Agave are dramatically sunken, as seen in the side view
in Figure 2Fii. The guard cell pair lies well below the epidermal
surface, and the subsidiary cells extend upward to create the walls
of the pore, and the cuticular stomatal ledges are on the subsidiary
cells. Here, the main contribution of subsidiary cells is perhaps
anatomical. Likewise, the gymnosperm Ginkgo biloba has sunken
stomata (Figure 3F). The many subsidiary cells of gingko are
variable in number and are arranged in a circular pattern that
reaches over the recessed guard cells, which is called cyclocytic.

Even without a thorough examination of all the possible
stomatal complex arrangements, the terminology is dense and
classification can become challenging. Within some families
stomatal morphology is highly conserved while in others it can
be quite variable (Baranova, 1992). This variability, coupled
with the difficulty in identifying subsidiary cells, led to the
suggestion that the division patterns leading to stomatal complex
formation is a more accurate classification system because the
division sequence is more conservative than the final structure
(Rasmussen, 1981; Ziegler, 1987). Stomatal ontogeny – that is,
the divisions that generate stomata – are distinct from stomatal
complex classification based on subsidiary cell arrangement.

HOW DO SUBSIDIARY CELLS ARISE?

Plant stomatal complexes are derived from a carefully controlled
series of asymmetric cell divisions (Sack, 1987; Facette and
Smith, 2012; Torii, 2015; Shao and Dong, 2016; Simmons and
Bergmann, 2016; Chater et al., 2017). Stebbins and Shah noted the
importance of understanding the mechanisms behind stomatal
complex formation, and the utility of studying them as a model
system for asymmetric cell divisions 60 years ago (Stebbins and
Shah, 1960). Stomatal divisions have been used as a model
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FIGURE 2 | Stomatal complex types, part 1. All images are imaged via confocal microscopy. Images (i,iii) are full or partial z-projections while image (ii) is a
3D-reconstructed side view through the stomatal pore. (A) Selaginella uncinata – anomocytic. (B) Solanum spp. (wild tomato) – anomocytic. (C) Coffea rubiaceae
(coffee) – paracytic (D) Zea mays (maize/corn) – paracytic (E) Musa acuminate (banana) – paracytic (F) Dianthus chinensis; diacytic. Green = Calcofluor White and
Magenta = Direct Red, except for (Di,Dii) where Green = Aniline Blue and Magenta = Direct Red. All scale bars are 15 micrometers.

for asymmetric division in large number of model systems
as they present opportunities to study cell polarity, cell-cell
communication, and cell division (Pickett-Heaps, 1969; Zeiger
and Stebbins, 1972; Palevitz and Hepler, 1974; Apostolakos and
Galatis, 1987; Cleary, 1995; Geisler et al., 2000; Shpak et al., 2004;
MacAlister et al., 2007; Dong et al., 2009; Hunt and Gray, 2009;
Chater et al., 2016; Raissig et al., 2016).

Generation of guard cell pairs occurs in a stereotypical
fashion. A protodermal cells in the epidermis of immature
leaves differentiates into a meristemoid mother cells (MMC);
the MMC divides asymmetrically to give a small meristemoid
and a stomatal lineage cell. The meristemoid differentiates into
a guard mother cell (GMC), which divides via a symmetric
oriented division to yield the two guard cells. Prior to the

division of the GMC, subsidiary cells (if present) arise. Subsidiary
cells may be generated via divisions of the meristemoid or
MMC, in which case they are termed mesogenous (Metcalfe
and Chalke, 1957). In mesogenous stomata the subsidiary cells
and guard cells are derived from the same cell lineage. In
other cases, protodermal cells adjacent to the meristemoid
or GMC are recruited, and subsidiary cells therefore are
derived from a lineage that is distinct from the guard
cells. In this case, subsidiary cells are of perigenous origin
(Metcalfe and Chalke, 1957). Necessarily, stomata of perigenous
origin require cell-cell communication with the neighboring
epidermal cells – very often particular neighbors on certain
sides of the GMC – that are recruited into the stomatal
complex. Mesoperigenous stomata have both subsidiary cells
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FIGURE 3 | Stomatal complex types, part 2. All images are imaged via confocal microscopy. Images (i,iii) are full or partial z-projections while image (ii) is a
3D-reconstructed side view through the stomatal pore. For sunken stomata in Agave and gingko (E,F) a lower focal plane containing the guard cells (iii) and a higher
focal plane showing epidermal and subsidiary cells (iv) are shown. (A) Kalanchoe spp. (common unknown variety from garden center); anisocytic and heliocytic.
(B) Begonia spp. (common unknown variety from garden center) – heliocytic (C) Didierea madagascariensis - unusual type (D) Anacampseros rufescens – tetracytic
with four lateral subsidiary cells (E) Agave bracena – tetracytic with 2 lateral and 2 polar subsidiary cells. (F) Ginkgo biloba – cyclocytic. Green = Calcofluor White and
Magenta = Direct Red, except for (E,F) where Green = Propidium Iodide and Magenta = Calcafluor White. All scale bars are 15 micrometers.

that arise from the same stomatal lineage as the GMC and
subsidiary cells that are recruited from neighboring cells.
More detailed and complex subclassifications of stomatal
ontogenies exist (Pant, 1965; Tomlinson, 1974; Rasmussen,
1981). Regardless of whether the stomatal complex is of
mesogenous or perigenous origin, the number of times a cell

divides (in addition to which cells divide) has ramifications for
final stomatal morphology.

A few contrasting examples of stomatal divisions are provided
in Figure 4. Many reviews regarding A. thaliana cell divisions
as well as the molecular factors (transcriptional regulators,
signaling and scaffolding molecules, and cell cycle regulators)
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exist and thus will not be covered extensively here. Many fate
factors appear to be conserved across phyla (Harris et al., 2020).
The divisions that create anisocytic stomata such as those in
A. thaliana are illustrated in Figure 4A. An asymmetric division
of a meristemoid mother cell produces a small meristemoid
and a larger stomatal lineage cell. Anisocytic stomata with
three subsidiary cells are created when an “amplifying division”
occurs (Pillitteri and Dong, 2013). The meristemoid divides
asymmetrically two more times, creating surrounding subsidiary
cells (Figure 4A). The GMC finally divides symmetrically to
form a pair of guard cells surrounded by three subsidiary cells.
Anomocytic stomata are formed in A. thaliana when amplifying
divisions are absent. Expression patterns of the PATROL1 in
mature leaves (Higaki et al., 2014) suggest perhaps the stomatal
lineage cell that is sister to the meristemoid may acquire
subsidiary cell identity, although a careful analysis of cell lineage
and PATROL1 expression in the same leaf needs to be performed
to confirm this.

In certain stomata the meristemoid undergoes additional
divisions to form a concentric ring of subsidiary cells to form
a heliocytic stomatal complex (Figure 4B; Rudall et al., 2018).
Heliocytic stomata are observed in some species of begonia
and follow a very similar developmental pattern to those in
A. thaliana, but with additional regenerations of the meristemoid.
Interestingly, the meristemoid is often the larger of the two
daughter cells after a division in this type of stomatal complex,
which is highly unusual (Rudall et al., 2018). The pattern created
by the amplified divisions form a spiral that raises the stoma
above the leaf surface (Figure 4B). Contrasting the divisions
of anomocytic stomata in Figure 4A and heliocytic stomata
in Figure 4B, highlights the additional rounds of successive
divisions of the meristemoid prior to it’s differentiation to a
GMC. In A. thaliana the transcription factor MUTE controls
the transition from meristemoid to GMC (Pillitteri et al., 2007).
In A. thaliana mute mutants, excessive rounds of asymmetric
meristemoid divisions produce a cluster of cells that look similar
to mid-developmental stages of heliocytic stomata depicted in
Figure 4B – however, mute mutants arrest at this stage. In
heliocytic stomata the meristemoid successfully differentiates
into a GMC, which then goes on to undergo a successful
single oriented division. Comparing the expression and function
of MUTE in heliocytic stomata of Begonia or in Kalanchoe,
which possesses both heliocytic and anisocytic stomata, is likely
to provide insights into the developmental mechanisms of
different cell patterns.

Stomatal divisions in the grasses Z. mays, Oryza sativa,
and Brachypodium distachyon and the monocot Tradescantia
virginiana have been used as models and undergo an identical
division sequence (Figure 4C; Cleary, 1995; Facette and Smith,
2012; Apostolakos et al., 2018; Hepworth et al., 2018; Nunes
et al., 2020). A meristemoid mother cell within a stomatal
cell file undergoes an asymmetric division to produce a guard
mother cell and a sister interstomatal cell. Stomatal divisions
in grasses are perigenous; the subsidiary mother cells (SMCs)
are recruited from adjacent protodermal cells. Presumably,
there is an inductive signal sent from the GMC to lateral
neighboring protodermal cells that stimulates them to become

A

B

C

D

E

F

FIGURE 4 | Division patterns in stomata. Divisions outlined left (youngest
cells) to right (oldest cells). GMC and guard cells are cyan; subsidiary cells are
pink or orange; other cells are green. (A) Amplified anisocytic divisions. This
type of division is common among eudicots such as Arabidopsis thaliana. (B)
Helicocytic divisions. This type of stomatal complex is seen in some eudicots
such as begonia. (C) Gramineous (grass) divisions. Paracytic divisions, as
seen in other monocots like lily or Tradescantia virginiana, follow the same
pattern but have kidney shaped guard cells rather than the dumbbell shaped
guard cells characteristic of grasses. (D) Two possible patterns of hexacytic
stomatal generation. The generation of lateral subsidiaries is identical,
however in the upper panel the cell closest to the GMC divides, while in the
lower panel the cell distal from the GMC divides. (E) Tetracytic divisions in
Agave spp. and some other monocots and feature unusual oblique divisions
in the formation of the lateral subsidiary cells. (F) Recruitment of subsidiary
cells in cyclocytic gingko.

SMCs. The SMCs polarize toward the GMC and each SMC
divides asymmetrically – exactly once – to give a small subsidiary
cell and larger pavement cell. It is presumed that the GMC
sends out a polarizing cue that induces the adjacent protodermal
cells to differentiate, polarize and divide asymmetrically (Stebbins
and Shah, 1960). Once the subsidiary cell is formed, the GMC
undergoes its final symmetric division. In both A. thaliana
and grasses, fate regulators SPEECHLESS, ICE/SCRM, MUTE,
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and FAMA are important for stomatal development, but play
subtly different roles (Liu et al., 2009; Raissig et al., 2016,
2017; Wang et al., 2019a). The transcription factor MUTE is
important in A. thaliana for specifying GMC identity but in
B. distachyon and Z. mays is important for subsidiary cell
differentiation as well. BdMUTE is produced in the GMC
and moves, presumably through plasmodesmata, to adjacent
subsidiary mother cells (Raissig et al., 2017; Wang et al.,
2019a). MUTE might be the polarizing cue that induces adjacent
protodermal cells to differentiate into SMCs, divide and polarize.
Polarity markers accumulate in or at the plasma membrane of
the SMC adjacent to the GMC, with the branched-actin regulator
BRK1 polarizing immediately after GMC formation (Facette
et al., 2015). Is MUTE the inductive signal the GMC sends to the
neighboring cell, that induces expression or localization of these
polarity factors? Since BRK appears polarized so soon after the
meristemoid-generating division, this means MUTE must travel
even earlier. Determining the relative timing of MUTE-BRK
appearance/polarization in SMCs, and whether one is dependent
on the other, will help crystallize our understanding of the process
of SMC recruitment in grasses.

Consider the potential role of factors known to be important
in grass divisions in the formation of certain tetracytic stomata –
those that have two lateral and two polar subsidiary cells.
Often, the lateral subsidiary cells form via an asymmetric
division of recruited neighboring cells similar to that seen in
grasses – perhaps MUTE also shows cell-to-cell movement in
these tetracytic stomata. Cell-to-cell movement of MUTE does
not occur in A. thaliana, which does not recruit neighboring
cells; it would be interesting to know if the same movement
occurs in other plants that have perigenous divisions or if other
mechanisms evolved. Likewise, investigation of whether SMC-
polarized proteins important for subsidiary-generating divisions
in grasses such as BRK1 (Facette et al., 2015) or receptor-like
proteins PAN1 and PAN2 (Cartwright et al., 2009; Zhang et al.,
2012) also polarize in lateral SMC recruitment would indicate
if common or independent mechanisms stimulate perigenous
divisions in different plants. These tetracytic stomata also have
polar subsidiary cells that are generated via an asymmetric
division of stomatal lineage cells lying in the opposite orientation
of the lateral subsidiary cells (Tomlinson, 1974). Therefore,
these tetracytic stomata form via 2 additional divisions that
grasses do not undergo but are otherwise similar. Do the same
factors play a role in the mesogenous division? For example,
in tetracytic stomata, is MUTE traveling to polarly adjacent
cells in addition to laterally adjacent cells? If so, why does
MUTE only travel to the lateral protodermal cells (and not the
polar cells) in grasses to induce SMC fate? Notably, ectopic
overexpression of BdMUTE in B. distachyon results in many
excess divisions throughout the epidermis; but up to 4 layers
of cells surrounding the guard cells appear as if they may be
associated subsidiary cells in both lateral and polar directions
(Raissig et al., 2017). This suggests that if BdMUTE is present
in the polar cells, it is sufficient for subsidiary cell fate, and
its movement or stability is somehow regulated. Markers of
terminal subsidiary cell fate in B. distachyon, coupled with
examination of MUTE localization in species with tetracytic

stomata could shed light on how the diversity of stomatal
form is achieved.

In the tetracytic stomata of A. rufescens (Figure 3D) there
are no polar subsidiary cells and instead there are two pairs
of lateral subsidiary cells. It is easy to imagine how the pair
of subsidiary cells closest to the guard cells could be generated
in a manner like grasses, where adjacent protodermal cells are
recruited and divide asymmetrically. But how do the outer
pair of subsidiary cells arise? The initial division of a SMC
adjacent to the SMC would give a small subsidiary cell and a
larger pavement cell – but then which of these cells divides
to give another subsidiary cell? We don’t know the answer in
the case of A. rufescens, but Tomlinson (1974) showed that in
hexacytic stomata, either scenario is possible. Hexacytic stomata
found in the Geogenanthus and Commelina have two pairs of
lateral subsidiary cells, as well as a pair of polar subsidiary
cells (Figure 4D). In Geogenanthus, after an initial asymmetric
division of the lateral SMC, the smaller cell divides again.
Reciprocally, in Commelina, the larger daughter divides again.
The patterns of division are conserved within families, indicating
different evolutionary paths.

During all stomatal divisions described thus far, one division
is required to form one subsidiary cell. Agave spp. initiates
a meristemoid in a manner similar to other monocots, but
then lateral subsidiary cells are formed via two unusual oblique
asymmetric divisions that result in trapezoid shaped lateral
subsidiary cells (Tomlinson, 1974). Therefore two coordinated
divisions are required to make a single subsidiary cell – a
developmental process that seems fundamentally different from
a single division. Since the lateral subsidiary cell are recruited (as
in grasses) from an adjacent row of non-stomatal lineage cells,
they are of perigenous origin. On the other hand, polar subsidiary
cells are generated from an asymmetric division of stomatal
lineage cells (Figure 4F). This is an example of a mesoperigenous
stomatal complex.

There are some unusual cases of stomata with many subsidiary
cells arranged radially but without the spiral amplifying division
pattern seen in begonia (Carpenter et al., 2005). Banksia
conferta has these rare actinocytic stomata where subsidiary
cells are recruited from neighboring protodermal cells. Here,
a presumptive cue from the GMC induces differentiation but
no cell division. These stomatal complexes develop in such
a way that the subsidiary cells underlie the guard cells to a
degree, pushing the stoma above the leaf epidermis. Platanus
orientalis has a similar stomatal complex and appears to produce
stomatal clusters (Carpenter et al., 2005). It has been suggested
that actinocytic stomata are simply a variant of anomocytic
(no subsidiary cells) stomata (Stace, 1965). Because these cells
raise the guard cells within the epidermis, they have a unique
anatomical contribution to the stomata. The recruited cells
are likely to have a unique molecular signature since they
differentiate differently than other epidermal cells and we
therefore consider them subsidiary cells.

Cyclocytic stomata can be observed in both gingko
(Figures 3F, 4F) and cycads (Pant and Mehra, 1964). These
stomata are very similar to the actinocytic type but the subsidiary
cells are above the guard cells rather than below and thus create a
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sunken stomatal complex. The subsidiary cells also divide leaving
smaller, polygonal cells distal to the guard cells (Figure 4C).

WHAT DO SUBSIDIARY CELLS DO?

Form follows function. The diversity in subsidiary cell
arrangement and shapes may reflect diverse subsidiary cell
function, as well as diverse ways to achieve the same function.
Ultimately, the function of the stomatal apparatus is to
facilitate gas exchange with the environment. Because plants’
environments vary, stomatal adaptations also vary. We will
discuss three potential roles for subsidiary cells: anatomical roles
that raise or lower guard cells relative to the epidermal surface,
mechanical roles during stomatal movements, and molecular
roles involving ion and water flux in the stomatal complex.

Stomata are often not flush with the epidermal surface but
rather may lie below or above it. Stomatal crypts are large
invaginations in the epidermis spanning many cells, typically
containing many stomata and often will also have trichomes.
Subsidiary cells do not contribute directly to the formation of
crypts, but stomatal crypts and sunken stomata (which rely on
subsidiary cell architecture) have several conceptual parallels. It
was generally accepted that crypts are an adaptation to limit
water loss by increasing the boundary layer and were primarily
associated with plants growing in water-limiting conditions (i.e.,
xerophytes) (Katherine, 1977). However, it has become evident
that crypts are more widespread and might not limit water loss
(Roth-Nebelsick et al., 2009); although certain morphological
features of the crypts may affect whether the crypts are indeed
a xeromorphic trait (Jordan et al., 2008). An alternative function
of crypts may be that they facilitate diffusion of carbon dioxide in
thick leaves (Hassiotou et al., 2009).

Sunken stomata are distinct from stomatal crypts; rather
than an invagination or depressed area of the epidermis, just
the stomata (or guard cells within the stomatal complex) are
below the epidermal surface. Sunken stomata in Agave are seen
in Figure 3E by confocal microscopy and in Figures 5A,D
by scanning electron microscopy. Figure 3Eiii shows a
reconstructed side view of the stomata, where the guard cells are
well below the rest of the leaf epidermal cells. The subsidiary
cells partially cover the pore and extend up above the rest of
the epidermal cells. In Agave the polar and lateral subsidiary
cells are essential to creating the sunken stomatal morphology.
Subsidiary cells in gingko (Figure 3F) likewise are essential to
creating the recessed stoma. Like stomatal crypts, sunken stomata
were thought to be associated with arid climates, but can also
be found in humid climates. Sunken stomata are particularly
prevalent within the gymnosperms (Sack, 1987) where they can
become plugged with wax or cutin. Like crypts, sunken stomata
are thought to increase the transfer resistance by increasing the
boundary layer; the net effect is less water loss. However, this
fails to explain why sunken stomata would be found in humid
environments. In a tropical gymnosperm, leaves with plugged
stomata actually had a higher stomatal conductance at high
vapor pressure deficit than leaves without plugged stomata (Feild
et al., 1998). Moreover, plugged stomata had higher maximal

photosynthetic rates. This led to the hypothesis that hydrophobic
plugs prevent stomata from filling with water in very humid
environments (Feild et al., 1998). It is plausible that sunken
stomata represent multiple adaptations – although in every case
subsidiary cells are integral to obtaining the sunken morphology.

The opposite of sunken stomata are raised or elevated stomata.
In Begonia, the heliocytic stomata are raised – either in clusters
or singly (Figure 5; Papanatsiou et al., 2017; Rudall et al., 2018).
The functional significance of raised stomata is unclear, but
perhaps it is the reciprocal of sunken stomata – in water-replete
conditions it decreases the size of the boundary layer, increasing
transpiration. It has been suggested that the raised, clustered
stomata in begonia increase the size of the substomatal chamber,
facilitating gas exchange within the leaf (Papanatsiou et al., 2017).
In begonia, the many subsidiary cells generated by multiple
successive rounds of division result in the subsidiary cells creating
a base that raises the clustered guard cells up. A different
adaptation of raised stomata can be seen in floating leaves of
aquatic plants (Ziegler, 1987). The guard cells are supported high
on the subsidiary cells, above the epidermal surface, presumably
to prevent flooding of the stomatal chamber.

In addition to altering the boundary layer, the morphological
arrangement of subsidiary cells in angiosperms affects the
mechanical properties of stomata. Turgor-driven guard cell
movements are dependent on the wall properties of guard
cells. All guard cell walls are thick relative to other epidermal
cells, although there is a wall anisotropy that drives stomatal
movements. The outer wall is more flexible while the inner wall is
thickened and less flexible. In angiosperms in particular, the outer
wall distends laterally into neighboring cells during opening.
The subsidiary cells are compressed and either displaced laterally
and/or basally into the substomatal cavity (Ziegler, 1987).
Via mathematical modeling, DeMichele and Sharpe proposed
that surrounding epidermal (including subsidiary) cells have a
“mechanical advantage” over guard cells (DeMichele and Sharpe,
1973) which was later demonstrated experimentally (Edwards
et al., 1976). The mechanical advantage of subsidiary cells is
one where turgor pressure of subsidiary cells counterbalances
that of guard cells, and subsidiary cell turgor has a greater
effect on stomatal aperture than guard cell turgor due to
physical properties of the guard cell (DeMichele and Sharpe,
1973; Edwards et al., 1976). Hence, neighboring epidermal
cells constrain lateral guard cell movements and limit stomatal
opening. Guard cells in non-angiosperms (such as gymnosperms
and lycophytes) do not extend laterally into neighboring cells,
but rather swell up or down and therefore do not have
to overcome the mechanical advantages of neighboring cells
(Ziegler, 1987). Using pressure-probe measurements, cryo-SEM
imaging and modeling techniques, Franks and Farquhar (Franks
and Farquhar, 2007) demonstrated that two species with laterally
moving, paracytic guard cells must overcome large mechanical
advantages to fully open their stomata. The subsidiary cells were
observed to undergo large deformations, and therefore allowing
the guard cells to overcome the mechanical advantage of the
neighboring cells. One way to achieve these deformations is by
altering the osmotic potential of the cells via active transport.
Franks and Farquhar suggest a see-sawing mechanism where
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FIGURE 5 | Sunken and raised stomata (A–D) Agave bracena. (B–E) Begonia spp. (common house plant), (C,F) Pellionia repens (Trailing watermelon begonia).
Panels (A–C) are identical scale; (D–F) are identical scale. Scale bars are 100 microns.

water and potassium are exchanged, which is discussed more
fully below.

An important consideration in the mechanical properties of
stomatal complex function is cell wall properties. Subsidiary cells
can have different cell wall compositions from other epidermal
cells. This is clearly evidenced in maize, where the polychromatic
dye Toluidine Blue O stains guard cells blue (which correlates
with more lignified walls) but subsidiary cells pink (which
correlates with more pectinaceous walls); this has been used as a
marker for subsidiary cell fate (Gallagher and Smith, 2000). Based
on this staining, the pectinaceous subsidiary cell walls are perhaps
more flexible. Recent investigations on the mechanical properties
of cell walls have led to insight into guard cell properties and
movements (Carter et al., 2017; Yi et al., 2018). Notably, patterns
of cellulose in guard cells change during opening and closing
(Rui and Anderson, 2016), and cellulose orientation patterns in
subsidiary cells appear to run perpendicular to those in guard
cells (Shtein et al., 2017). Extending these analyses to both guard
and subsidiary cells during stomatal movements would further
our understanding of how subsidiary cells support stomatal
function. Indeed, Sharpe et al. (1987) point out how differing
elastic forces in guard cell and adjacent cell walls are instrumental
for stomatal function.

As summarized above, overcoming the mechanical advantage
of neighboring cells is likely due to changes in osmotic potential
in subsidiary cells. Early studies investigating the mechanism
of turgor changes in maize guard cells examined cellular
potassium levels cellular by cobaltinitrite precipitation. In open
stomata of maize, cellular potassium is high in guard cells
while in closed stomata potassium is high in subsidiary cells
(Raschke and Fellows, 1971). A reciprocal exchange of potassium
between guard and subsidiary cells allows stomatal complexes

to overcome the mechanical advantage of neighboring cells,
and is also a potential reservoir of water and ions for guard
cells. A similar exchange of potassium between guard cells and
subsidiary cells has been seen in many other species (Willmer
and Pallas, 1972; Dayanandan and Kaufman, 1975). In certain
species, potassium is concentrated only in subsidiary cells – and
not other epidermal cells touching the guard cell – of closed
stomata. However, in other species such as Selaginella spp.,
which do not have clear subsidiary cells, potassium was seen
in many surrounding epidermal cells, up to several cell layers
deep. How do we distinguish between an indiscriminate uptake
of extracellular potassium pumped out from the guard cell versus
an explicit role for subsidiaries in actively exchanging solutes with
guard cells? Cell specificity of uptake is one indicator. Raschke
and Fellows also examined kinetics to ensure the time scale
of subsidiary cell potassium uptake matched stomatal kinetics.
However, additional evidence from maize supports subsidiary
cell-specific adaptation. Patch clamping (Majore et al., 2002) and
gene expression studies (Büchsenschütz et al., 2005) indicate
that maize subsidiary cells possess specific potassium channels.
A more thorough indexing of any pumps and channels specific
to subsidiary cells would strengthen the argument that subsidiary
cells indeed undergo an exchange of molecules with guard cells.

The change in potassium levels likely helps drive the turgor
changes observed in grass subsidiary cells, but raises several
questions. For example, a principle of guard cell identity is that
they lose plasmodesmata as part of their development, becoming
symplastically isolated. Subsidiary cells, however, maintain their
plasmodesmal connections to adjacent epidermal cells (Majore
et al., 2002). Under water-limiting conditions, when stomates
must be closed, the subsidiary cells must be kept turgid and
not lose water and solutes to adjacent epidermal cell. Under
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water-limiting conditions, failure to keep subsidiary cells turgid
would have disastrous consequences, as modeled by Franks and
Farquhar (2007). This implicates active mechanisms to maintain
subsidiary cell turgor. At least one potassium channel is unique
to maize subsidiary cells (Büchsenschütz et al., 2005) but are
there other unique channels and pumps? What about other
molecules important for guard cell function? Chloride was also
seen to shuttle between guard and subsidiary cells (Raschke
and Fellows, 1971; Dayanandan and Kaufman, 1975). CST1 is a
maize subsidiary cell-specific glucose transporter in the SWEET
family that promotes stomatal opening (Wang et al., 2019b).
The precise role of CST1 in stomatal regulation is difficult
to test but the authors offer several plausible roles for CST1.
Proposals include: sequestering glucose in subsidiary cells so it
does not induce guard cell hexokinase-induced stomatal closing;
increasing the osmolarity of the apoplast via glucose export to
decrease subsidiary cell turgor; or providing subsidiary cells with
sugar to power their own ion channels. Notably, this gene is
duplicated in grasses and the single ortholog in A. thaliana to
play a role in stomatal function, suggesting a possible grass-
specific role.

At least in maize, there are unique transporters within
its easily-identifiable subsidiary cells. However, in maize at
least some potassium channels are shared by both guard
cells and subsidiary cells (Büchsenschütz et al., 2005). Given
the observed see-saw localization of potassium, are the same
proteins functionally oppositely in guard cells and subsidiary
cells, through differential regulation or simply by the existing
concentration gradients? In A. thaliana, PATROL1 is expressed
in both guard cells and subsidiary cells. The role of PATROL1
in guard cells includes trafficking the proton pump AHA1 –
is PATROL1 AHA1 differentially in these two cell types during
opening and closing? Or is PATROL1 trafficking different
proteins? Identification of cell-specific and common transporters
and regulatory proteins between subsidiary cells versus guard
cells should help indicate functional roles and potential
regulation of subsidiary cells.

CONCLUSION AND OUTLOOK

Turgor-driven guard cell movements, and the contribution of
subsidiary cells, has been long studied; Heath (1938) identified
contributions of cells via puncture experiments nearly 90 years
ago. The advent of molecular genetics rapidly exploded our
knowledge of guard cell biology, but subsidiary cell biology was

ignored. This is likely, at least partially, due to the fact that
most experimental advances were accomplished in A. thaliana,
where subsidiary cells are difficult to identify and do not
appear to contribute to the same extent in organisms such as
grasses. The rapid stomatal movements of grass stomata are
partially attributable to their subsidiary cells, but also due to
their unique dumbbell shape considering other species (such as
T. virginiana) also possess paracytic stomata but are not as rapid
(Franks and Farquhar, 2007). Current active research in stomatal
development and function in model systems like B. distachyon, Z.
mays, and O. sativa will contribute to understanding of subsidiary
cell mechanisms in the economically important grasses (Chen
et al., 2016; Hepworth et al., 2018; Nunes et al., 2020). Studies
in other models with diverse stomatal architectures like Begonia
(Rudall et al., 2018) and Kalanchoe (Xu et al., 2018) will be just as
important. Clearly, the same basic arrangements can be obtained
several different ways (e.g., hexacytic stomatal morphology)
and similar architectures may have different functions (e.g.,
sunken stomata). Examination of stomatal complexes in totality,
including subsidiary cells, in a diverse array of species will provide
a more complete picture of stomatal function. Fortunately,
genomic and genetic tools are being developed for a broader array
of species meaning we are poised to consider the diversity of
stomata examined by botanists and taxonomists.
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Stomatal pores control leaf gas exchange and are one route for infection of internal

plant tissues by many foliar pathogens, setting up the potential for tradeoffs between

photosynthesis and pathogen colonization. Anatomical shifts to lower stomatal density

and/or size may also limit pathogen colonization, but such developmental changes could

permanently reduce the gas exchange capacity for the life of the leaf. I developed and

analyzed a spatially explicit model of pathogen colonization on the leaf as a function of

stomatal size and density, anatomical traits which partially determine maximum rates

of gas exchange. The model predicts greater stomatal size or density increases the

probability of colonization, but the effect is most pronounced when the fraction of

leaf surface covered by stomata is low. I also derived scaling relationships between

stomatal size and density that preserves a given probability of colonization. These scaling

relationships set up a potential anatomical conflict between limiting pathogen colonization

and minimizing the fraction of leaf surface covered by stomata. Although a connection

between gas exchange and pathogen defense has been suggested empirically, this

is the first mathematical model connecting gas exchange and pathogen defense via

stomatal anatomy. A limitation of the model is that it does not include variation in innate

immunity and stomatal closure in response to pathogens. Nevertheless, themodel makes

predictions that can be tested with experiments andmay explain variation in stomatal size

and density among plants. The model is generalizable to many types of pathogens, but

lacks significant biological realism that may be needed for precise predictions.

Keywords: anatomy, leaf gas exchange, model, pathogen, photosynthesis, scaling, stomata, tradeoff

INTRODUCTION

Stomata evolved to regulate gas exchange in and out of the leaf (Hetherington and Woodward,
2003; Berry et al., 2010; Chater et al., 2017), but many foliar pathogens take advantage of these
chinks in the leaf cuticular armor to infect prospective hosts (Zeng et al., 2010; McLachlan et al.,
2014; Melotto et al., 2017). The stomatal and mesophyll conductance to CO2 are two major limits
to photosynthesis (Flexas et al., 2018; Lawson et al., 2018) that are partially determined by stomatal
anatomy. Since CO2 conductance limits photosynthesis (Farquhar and Sharkey, 1982; Jones, 1985)
and pathogen infection can reduce fitness (Gilbert, 2002), this sets up a potential tradeoff between
increased photosynthesis and defense against pathogens mediated by stomatal anatomy (McKown
et al., 2014; Dutton et al., 2019; Fetter et al., 2019; Tateda et al., 2019). For example, plants could
increase photosynthetic rate by developing more stomata, but more stomata could result in more
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pathogen colonization. The optimal stomatal density, size, and
arrangement on the leaf will depend on the fitness gains from
increased gas exchange and fitness losses imposed by foliar
pathogens, both of which depend on the environment. In the next
two paragraphs I will review the relationship between stomatal
anatomy, gas exchange, and foliar pathogen colonization. Then I
will discuss why two anatomical traits, stomatal size and density,
might be crucial components of a broader tradeoff between
photosynthesis and pathogen defense.

The stomatal density and maximum pore area set an
anatomical upper limit on stomatal conductance (Brown and
Escombe, 1900; Parlange and Waggoner, 1970; Franks and
Farquhar, 2001; Franks and Beerling, 2009b; Lehmann and Or,
2015; Sack and Buckley, 2016; Harrison et al., 2019), but stomatal
shape, distribution, and patterning also affect gas exchange.
Smaller guard cells and dumbbell-shaped stomata of grasses can
respond faster to environmental changes (Drake et al., 2013), but
responsiveness is further modulated by subsidiary cell anatomy
and physiology (Franks and Farquhar, 2007; Raissig et al., 2017;
Gray et al., 2020). Stomatal clustering reduces gas exchange
and photosynthesis because adjacent stomata interfere with one
another (Dow et al., 2014b), diffusion shells overlap (Lehmann
and Or, 2015), and limitations on lateral diffusion of CO2 in
the mesophyll (Lawson and Blatt, 2014 and references therein).
However, sparse clusters of small stomata could allow a leaf
with low rates of gas exchange to have faster stomatal response
compared to a leaf with large, low-density stomata (Papanatsiou
et al., 2017). Leaves with stomata on both lower and upper
surfaces (amphistomatous) supply more CO2 to the mesophyll
than hypostomatous leaves that only have stomata on the lower
surface (Parkhurst, 1978; Gutschick, 1984; Parkhurst and Mott,
1990; Oguchi et al., 2018). In addition to anatomy, the pore
area shrinks and expands in response to internal and external
factors to regulate gas exchange dynamically (Buckley, 2019).
For example, stomata typically open during the day and close at
night in C3/C4 plants, but the opposite is true for CAM plants.
Shade, high vapor pressure deficits, dry soil and other factors
can cause stomata to (partially) close even in the middle of the
day. Variation in how stomata respond to internal and external
signals may explain as much of the variation in gas exchange
across leaves as anatomy (Lawson and Blatt, 2014).

Many types of foliar pathogens, including viruses (Murray
et al., 2016), bacteria (Melotto et al., 2006; Underwood et al.,
2007), protists (Fawke et al., 2015), and fungi (Hoch et al.,
1987; Zeng et al., 2010) use stomatal pores to gain entry into
the leaf. For example, rust fungi hyphae recognize the angle
at which guard cells project from the leaf surface and use
it as a cue for appressorium formation (Allen et al., 1991).
Oomycete pathogens can target open stomata on a leaf (Kiefer
et al., 2002). Plants can limit colonization through innate
immunity, called stomatal defense (recently reviewed in Melotto
et al., 2017), by closing stomata after they recognize microbe-
associated molecular patterns (MAMPs) on pathogen cells. Some
bacterial pathogens have responded by evolving the ability to
prevent stomatal closure, increasing their colonization of the
leaf interior (Melotto et al., 2006). In addition to stomatal
closure, anatomical changes in stomatal density and/or sizemight

provide another layer of defense against pathogen colonization.
For example, infection increases in leaves with higher stomatal
density (McKown et al., 2014; Dutton et al., 2019; Fetter et al.,
2019; Tateda et al., 2019). The positive effect of stomatal density
on infection suggests that infection is limited by the number or
size of locations for colonization, meaning that many individual
pathogens must usually be unable to find stomata or other
suitable locations for colonization. This is actually somewhat
surprising given the ability of some pathogens to search for and
sense stomata (see above).

Stomatal anatomy could be a key link between gas exchange
and pathogen colonization. Although many anatomical factors
and stomatal movement affect gas exchange (see above), here
I focus on the density and size of stomata in a hypostomatous
leaf. Stomatal size refers to both the area of guard cells when
fully open, from which one can calculate the pore area for gas
exchange (see Model). For simplicity, I model a hypostomatous
leaf, but consider the implications for amphistomatous leaves in
the Discussion. Stomatal size and density not only determine
the theoretical maximum stomatal conductance (gs,max), but are
also proportional to the operational stomatal conductance (gs,op)
in many circumstances (Franks et al., 2009, 2014; Dow et al.,
2014a; McElwain et al., 2016; Murray et al., 2019). gs,op is the
actual stomatal conductance of plants in the field and is almost
always below gs,max because stomata are usually not fully open.
Although they are not the same, the strong empirical relationship
between gs,max and gs,op means that anatomical gs,max can be used
as a proxy for gs,op without explicitly modeling dynamic changes
in stomatal aperture (see Discussion). Stomatal size and density
have also been measured on many more species than stomatal
responsiveness, which may make it easier to test predictions.

After a pathogen reaches a host, it must survive on the
leaf surface and colonize the interior (Beattie and Lindow,
1995; Tucker and Talbot, 2001). For analytical tractability, I
restrict the focus here to colonization by a pathogen using
a random search on a leaf without stomatal defense (i.e., a
leaf that cannot recognize pathogens and close stomata).
Obviously, these simplifications ignore a lot of important plant-
pathogen interaction biology. In the Discussion, I delve further
into these limitations and suggest future work to overcome
these limitations. In order for pathogen-mediated selection on
stomatal anatomy, I assume that the pathogen reduces host
fitness once it colonizes (Gilbert, 2002). Susceptible hosts can
lose much of their biomass or die, but even resistant hosts must
allocate resources to defense or reduce photosynthesis because
of defoliation, biotrophy, or necrosis around sites of infection
(Bastiaans, 1991; Mitchell, 2003).

The purpose of this study is to develop a theoretical
framework to test whether variation in stomatal size and density
arises from a tradeoff between gas exchange and pathogen
colonization. Since stomatal size and density affect both gas
exchange and pathogen colonization, selection to balance these
competing demands could shape stomatal size-density scaling
relationships. Botanists have long recognized that stomatal size
and density are inversely correlated (Weiss, 1865; Tichá, 1982;
Hetherington and Woodward, 2003; Sack et al., 2003; Franks
and Beerling, 2009a; Brodribb et al., 2013; Boer et al., 2016),
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but the evolutionary origin of this relationship is not yet known.
Here I argue that deleterious effects of pathogen infection could
shape selection on this relationship. Explanations for inverse
size-density scaling are usually cast in terms of preserving gs,max

and/or stomatal cover (fS), defined at the fraction of epidermal
area allocated to stomata (Boer et al., 2016), because there are
many combinations of stomatal size and density that have same
gs,max or same fS:

gs,max = bmDS0.5 (1)

fS = DS. (2)

D and S are stomatal density and size, respectively (see Table 1
for a glossary of mathematical symbols and units). b and m
are assumed to be biophysical and morphological constants,
sensu (Sack and Buckley, 2016; see Supplementary Material).
fS is proportional to the more widely used stomatal pore area
index (Sack et al., 2003; see Supplementary Material). If size
and density also affect pathogen colonization, then selection from
foliar pathogens could significantly alter the size-density scaling
relationship. The empirical size-density scaling relationship is
linear on a log-log scale, determined by an intercept α and
slope β :

D = eαS−β; (3)

d = α − βS. (4)

For brevity, d = log(D) and s = log(S). Rearranging Equations 1
and 2, a scaling relationship where β = 0.5 preserves gs,max while
β = 1 preserves fS.

TABLE 1 | Glossary of mathematical symbols.

Symbol R Units Description

D D mm−2 Stomatal density

d d mm−2 Stomatal density (log-scale,

d = log D)

fS f_s none Stomatal cover (fs = DS)

gs,max g_smax mol m−2 s−1 Theoretical maximum stomatal

conductance

gs,op g_sop mol m−2 s−1 Operational stomatal conductance

H H µm−1 Death rate of pathogen on leaf

surface

R R µm Stomatal radius (S = πR2)

S S µm2 Stomatal size

s s µm2 Stomatal size (log-scale, s = log S)

θi theta_i radians Angles between pathogen (xp, yp) and

lines tangent to the circumference of

stomate i

U U µm Interstomatal distance

vi v_i µm Distance between pathogen (xp, yp)

and stomate i

xi , yi x_i,y_i µm Position of stomate i

xp, yp x_p,y_p µm Starting position of pathogen

The columns indicate the mathematical symbol used in the paper, the associated symbol

used in R scripts, scientific Units, and a verbal description.

How would adding pathogens alter these predicted scaling
relationships? For simplicity, consider two environments, one
without foliar pathogens and one with lots. In the absence of
foliar pathogens, we expect size-density scaling to preserve gs,max,
fS, or some least-cost combination of them. What happens when
we introduce pathogens? If stomatal size and density increase
pathogen colonization, then selection will favor reduced size
and/or density. This would change the intercept α but not
the slope. The effect of foliar pathogens on the slope depends
on the relationship between size, density, and probability of
colonization. If the probability of colonization is proportional
to the product of linear stomatal size (S0.5) and density (∝
DS0.5 as for gs,max) then it has the same effect on the slope
as gs,max because there are many combinations of D and S0.5

that have same probability of colonization. If the probability of
colonization is proportional to the product of areal stomatal size
(S) and density (∝ DS as for fS) then it has the same effect
on the slope as fS because there are many combinations of D
and S that have same probability of colonization. Alternatively,
the probability of colonization may have a different scaling
relationship (neither 0.5 nor 1) or may be non-linear on a log-
log scale. Unlike gs,max and fS, we do not have theory to predict
a stomatal size-density relationship that preserves the probability
of colonization.

In summary, the physical relationship between stomatal size,
density, and conductance is well-established (Harrison et al.,
2019). Size and density also likely affect the probability of
pathogen colonization, but we do not have a theoretical model
that makes quantitative predictions. The inverse stomatal size-
density relationship has usually been explained in terms of
preserving stomatal conductance and/or stomatal cover, but
selection by pathogens might alter scaling. To address these gaps,
the goals of this study are to (1) introduce a spatially explicit
model pathogen colonization on the leaf surface; (2) use the
model to predict the relationship between gs,max, fS, and the
probability of colonization; (3) work out what these relationships
predict about stomatal size-density scaling. I analyzed an
idealized, spatially explicit Model of how a pathogen lands on
a leaf and finds a stomate to colonize the leaf using a random
search. To my knowledge, this is the first model that makes
quantitative predictions about the relationship between stomatal
anatomy, the probability of colonization, and their impact on
stomatal size-density scaling.

MODEL

For generality, I refer to a generic “pathogen” that lands on
leaf and moves to a stomate. The model is agnostic to the type
of pathogen (virus, bacterium, fungus, etc.) and the specific
biological details of how it moves. For example, motile bacterial
cells can land and move around (Beattie and Lindow, 1995)
whereas fungi may germinate from a cyst and grow until they
form an appresorium for infection (Tucker and Talbot, 2001).
These very different tropic movements on the leaf are treated
identically here. I do not model photosynthesis explicitly, but
assume that stomatal conductance limits carbon fixation, even
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though the relationship is non-linear. I used Sympy version 1.6.1
(Meurer et al., 2017) for symbolic derivations.

Spatial Representation of Stomata
Stomata develop relatively equal spacing to minimize resistance
to lateral diffusion (Morison et al., 2005), allow space between
stomata (Dow et al., 2014b), and prevent stomatal interference
(Lehmann and Or, 2015). Here I assume that stomata are arrayed
in an equilateral triangular grid with a density D and size (area) S
on the abaxial surface only, since most leaves are hypostomatous

(Muir, 2015; but see Discussion). This assumption ignores veins,
trichomes, and within-leaf variation in stomatal density. Stomata
are therefore arrayed in an evenly spaced grid (Figure 1A). The
interstomatal distance U, measured as the distance from the
center of one stomata to the next, is the maximal diagonal of
the hexagon in µm that forms an equal area boundary between

neighboring stomata. The area of a hexagon is Ahexagon =
√
3
2 U2.

By definition the stomatal density is the inverse of this area, such
that D = A−1

hexagon = 2√
3
U−2. Therefore, interstomatal distance

can be derived from the stomatal density as:

FIGURE 1 | A spatially explicit model of stomatal anatomy and pathogen colonization. (A) Stomata are assumed to be in a homogenous equilateral triangular grid,

which means that we can extrapolate from (B) a focal triangle to the entire leaf. The circles represent idealized stomata; the gray lines between them are for

visualization. (C) By symmetry, a single focal region within the focal triangle can be modeled and extrapolated to the rest of the triangle. (D) The model assumes that a

pathogen, depicted as a gray rod, lands somewhere on the leaf surface and will successfully locate a stomate if it moves at the correct angle, depicted by the gray

polygons.

Frontiers in Plant Science | www.frontiersin.org 4 October 2020 | Volume 11 | Article 518991160

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Muir Stomatal Anatomy and Pathogen Colonization

D =
2
√
3
U−2

U =
(

2
√
3
D−1

)0.5

For example, if the density is D = 102 mm−2 = 10−4 µm−2,
then U is 107.5 µm. Parkhurst (1994) described this
result previously. I also make the simplifying assumption
that stomata are perfectly circular with radius R when
fully open. This may be approximately true for fully
open stomata with kidney-shaped guard cells (Sack
and Buckley, 2016 and references therein). Although I
assume stomata are circular here, in calculating gs,max, I
assume typical allometric relationships between length,
width, and pore area (Sack and Buckley, 2016; see
Supplementary Material).

Spatial Representation of Pathogen Search
Since stomata are arrayed in a homogeneous grid, we can
focus on single focal triangle (Figures 1B,C). Suppose that an
individual pathogen (e.g., bacterial cell or fungal spore) lands
at a uniform random position within the focal triangle and
must arrive at a stomate to colonize. If it lands on a stomate,
then it infects the leaf with probability 1; if it lands between
stomata, then it infects the leaf with probability plocate. This
is the probability that it locates a stomate, which I will derive
below. The probabilities of landing on or between a stomate
are fS and 1 − fS, respectively. Hence, the total probability of

colonization is:

pcolonize = fS + (1− fS)plocate. (5)

I assume that the pathogen cannot sense where stomata are and
orients at random, thereafter traveling in that direction. If it
successfully locates a stomate, it colonizes the leaf, but otherwise
does not infect. If there is a high density of stomata and/or
large stomata, the probability of locating a stomate increases.
By assuming that stomata form an equilateral triangular grid
(see above), we can extrapolate what happens in the focal
triangle (Figure 1B) by symmetry. Further, since an equilateral
triangle can be broken up into six identical units (Figure 1C),
we can simply calculate plocate in this focal area. This implicitly
assumes that the probability of colonizing stomata outside the
focal area is 0 because they are too far away. This assumption
may be unrealistic for larger pathogens, such as fungi, whose
hyphae can travel longer distances on the leaf surface (Brand
and Gow, 2012). In Appendix 1: Spatially Implicit Model I
derive a simpler, but spatially implicit model that relaxes the
assumption the pathogens must colonize a stomate within their
focal triangle.

Consider a pathogen that lands in position (xp, yp) within the
triangle. The centroid of the triangle is at position (xc, yc) and
a reference stomate is at position (0, 0) (Figure 2A). Therefore
xc = U/2 and yc =

√
3U/6. The other stomata are at positions

(U/2,
√
3U/2) and (U, 0) (Figure 2). xp and yp are defined as the

horizontal and vertical distances, respectively, from the pathogen
to the reference stomate at position (0, 0).

Given that the pathogen starts at position (xp, yp), what’s the
probability of contacting one of the stomata at the vertices of the

FIGURE 2 | Spatial representation of stomata and pathogen. (A) The pathogen starts at a uniform random position within the focal region denoted (xp, yp). Within the

focal triangle, the reference stomate is at position (0,0) by definition, and other stomatal positions are determined by the interstomatal distance U. (B) Within the focal

region, a pathogen can land within the stomate (white circle with gray outline and radius R) or in the gray area. The outer borders of this area are shown and depend

on R and U. For a given position x, there is a minimum y-value (ymin, dashed line) and maximum y-value (ymax, solid line).
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focal triangle? I assume the probability of contacting a stomate
is equal to the proportion of angular directions that lead to a
stomate (Figure 1D). I solved this by finding the angles (θ1, θ2, θ3)
between lines that are tangent to the outside of the three stomata
and pass through (xp, yp) (Figure 2A). If stomate i is centered
at (xi, yi), the two slopes of tangency as function of pathogen
position are:

ti,1(xp, yp) =
−Rei,2(xp, yp)+ ei,3(xp, yp)

ei,1(xp, yp)
(6)

ti,2(xp, yp) =
Rei,2(xp, yp)+ ei,3(xp, yp)

ei,1(xp, yp)
(7)

where

ei,1(xp, yp) = (R2 − x2i + 2xixp − x2p), (8)

ei,2(xp, yp) =
√

−ei,1 + (yi − yp)2, (9)

ei,3(xp, yp) = −xiyi + xiyp + xpyi − xpyp. (10)

Note that i ∈ {1, 2, 3}, indexing the three stomata in the
focal triangle. The angle in radians between ti,1(xp, yp) and
ti,2(xp, yp) is:

θi(xp, yp) = arctan

(

ti,1(xp, yp)− ti,2(xp, yp)

1+ (ti,1(xp, yp)ti,2(xp, yp))

)

(11)

I further assumed that the longer distance a pathogenmust travel,
the less likely it would be to locate a stomate. For example, if
stomata are at very low density, then a pathogen may die before it
reaches a stomate because of UV, desiccation, or another factor.
I included this effect by assuming the probability of reaching
a stomate declines exponentially at rate H with the Euclidean
distance vi(xp, yp) between the pathogen location and the edge
of stomata i, which is distance R from its center at xi, yi:

vi(xp, yp) =
√

(xi − xp)2 + (yi − yp)2 − R. (12)

The probability of locating a stomate as a function of pathogen
position (xp and yp) is the sum of the angles divided by 2π ,
discounted by their distance from the stomate:

flocate(xp, yp) =
1

2π

3
∑

i=1

e−Hvi(xp,yp)θi(xp, yp) (13)

When there is no pathogen death (H = 0), plocate is the fraction
of angles that lead from (xp, yp) to a stomate. When H > 0,
plocate is proportional to this fraction, but less than it depending
on stomatal density, size, and starting location of the pathogen.

To obtain the average plocate, we must integrate flocate(xp, yp)
over all possible starting positions (xp, yp) within the focal area.
The focal area is a 30–60–90 triangle with vertices at the center
of the reference stomate (0, 0), the midpoint of baseline (U/2, 0),
and the centroid of the focal triangle (U/2,

√
3/6U) (Figure 1C).

Colonization occurs with probability 1 if the pathogen lands in

the reference stomate, so we need to integrate the probability
of colonization if it lands elsewhere. This region extends from
the edge of the stomate, at

√
3/2R to U/2 (Figure 2B). At any

x, we integrate from the bottom of the focal area (ymin) to the
top (ymax):

ymin = f (x) =

{√
R2 − x2, if

√
3
2 R < x < R

0, if R ≤ x ≤ U
2

(14)

ymax = f (x) =
√
3

3
x (15)

The integral is:

plocate =
1

afocal

U/2
∫

√
3
2 R

ymax
∫

ymin

flocate(x, y) dx dy (16)

afocal is the area of the focal region depicted in gray in Figure 2B:

afocal =
U2

8
√
3
−

πR2

12

MATERIALS AND METHODS

TheModel calculates a probability of host colonization (Equation
5) as a function of stomatal density, size, and position of a
pathogen on the leaf. I solved pcolonize by importing symbolic
derivations from Sympy into R with reticulate version 1.16
(Ushey et al., 2020) and used the integral2() function in
the pracma package version 2.2.9 (Borchers, 2019) for numerical
integration. I used R version 4.0.2 (R Core Team, 2020) for
all analyses and wrote the paper in rmarkdown version 2.3
(Xie et al., 2018; Allaire et al., 2020). Citations for additional R
software packages are in Appendix 2. Source code is deposited
on GitHub (https://github.com/cdmuir/stomata-tradeoff) and
archived on Zenodo (https://doi.org/10.5281/zenodo.4102283).

What Is the Relationship Between
Stomatal Size, Density, and Colonization?
I calculated pcolonize over a biologically plausible grid of stomatal
size and density for hypostomatous species based on Boer et al.
(2016). Stomatal density (D) ranges from 101 to 103.5 mm−2;
stomatal size (S) ranges from 101 to 103.5 µm2. I only considered
combinations of size and density where stomatal cover (fS) was
<1/3, which is close to the upper limit in terrestrial plants (Boer
et al., 2016). I crossed stomatal traits with three levels of H ∈
{0, 0.01, 0.1}. WhenH = 0, a pathogen persists indefinitely on the
leaf surface. H = 0.01 and H = 0.1 correspond to low and high
death rates, respectively. These values are not necessarily realistic,
but illustrate qualitatively how a hostile environment on the leaf
surface alters model predictions.

How Do Pathogens Alter Optimal Stomatal
Size-Density Scaling?
The stomatal size-density scaling relationship can be explained
in terms of preserving a constant stomatal conductance (gs,max)
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that is proportional to DS0.5 when bm is constant (Equation 1).
In other words, there are infinitely many combinations of D and
S0.5 with the same gs,max. If gs,max is held constant at Cg , then the
resulting size-density scaling relationship on a log-log scale is:

d = cg − 0.5s

where lowercase variables are log-transformed equivalents of
their uppercase counterparts (Table 1). The scaling exponent
βg = 0.5 preserves Cg .

Next, suppose there is a scaling exponent βp that preserves
pcolonize for the product DSβp . If βp = 0.5, then pcolonize is
always proportional to gs,max. If βp > 0.5, small, densely packed
stomata would be more resistant to colonization (lower pcolonize)
compared to larger, sparsely spaced stomata with the same gs,max.
If βp < 0.5, small, densely packed stomata would be less
defended (higher pcolonize) compared to larger, sparsely spaced
stomata with the same gs,max. I refer to the three outcomes
(βp = 0.5, βp < 0.5, and βp > 0.5) as iso-, hypo-, and hyper-
conductance, respectively. I was unable to solve analytically for
βp, so I numerically calculated isoclines of pcolonize over the
grid of D and S values described in the preceding subsection.
I numerically calculated the scaling relationships at a constant
pcolonize ∈ {0.025, 0.1, 0.4} for H ∈ {0, 0.01, 0.1}.

RESULTS

Non-linear Relationships Between
Colonization, Stomatal Cover, and
Conductance
The probability of colonization (pcolonize) is not simply
proportional to stomatal cover (fS). At low fS, pcolonize increases
rapidly relative to fS at first (Figure 3A). At higher fS, pcolonize
increases linearly with fS. When pathogens persist indefinitely
(H = 0), any combination of stomatal size (S) and density (D)
with the same fS have the same effect on pcolonize. When H > 0,
pathogens are less likely to land close enough to a stomate to
infect before dying, so pcolonize is closer to fS (Figure 3A). The
maximum pcolonize under the range of parameters considered was
∼ 0.6 when H = 0 and fS is at its maximum value of 1/3.
When fS is low, pcolonize is also low. The relationship between
pcolonize, fS, and gs,maxis qualitatively similar in the spatially
implicit model, but the values for pcolonize are substantially higher
because pathogens can potentially colonize any stomate on the
leaf rather than only those in the focal triangle (see Appendix 1:
Spatially Implicit Model for more detail). Bear in mind that this
is the probability for a single individual searching randomly;
if enough individuals reach the leaf and/or they can actively
find stomata, it’s almost certain that at least some will colonize
the leaf. However, reducing pcolonize may help plants limit the
damage since fewer total individual pathogens will colonize the
leaf interior.

pcolonize is not directly proportional to fS because it
depends on D and S in quantitatively different ways
(Supplementary Figure 1). For the same fS, leaves with
greater D have higher pcolonize (Figure 3A). Holding fS constant,

leaves with lower D and higher S will have a greater distance
(vi) between a pathogen and its stomata. When H > 0, this
extra distance leads more pathogens to die before they can find
a stomate. However, this result is inconsistent with the spatially
implicit model (Appendix 1) because S and D have identical
effects on fS.

In contrast to fS, pcolonize increases at a greater than linear
rate with stomatal conductance (gs,max). Greater D (smaller
S) is associated with lower pcolonize for a given value of
gs,max (Figure 3B). This happens because pcolonize increases
approximately linearly with S whereas gs,max is proportional to
S0.5. Therefore, pcolonize increases exponentially with gs,max at all
stomatal densities, but the rate of growth is lower at greater D for
a given value of gs,max.

Hyper-Conductance Size-Density Scaling
The scaling relationship between S and D that preserves pcolonize
is always >0.5 (hyper-conductance), but usually <1. When H =
0, the scaling relationship is essentially 1 (Figure 4), which
means that an increase fS leads to a proportional increase in
pcolonize. Because the scaling relationship is >0.5, leaves with
greater stomatal density will have lower pcolonize than leaves lower
stomatal density but the same gs,max. In other words, increasingD
and lowering S allows plants to reduce pcolonize while maintaining
gs,max. The scaling relationship is slightly <1, but still >0.5, when
H > 0 (Figure 4). In this area of parameter space, lower stomatal
density can reduce fS while pcolonize is constant, but this will still
result in lower gs,max. In the spatially implicit model, the size-
density scaling exponent was always exactly 1 except whenH = 0
(Appendix 1).

DISCUSSION

Stomatal density and size set the upper limit on gas exchange
in leaves (Harrison et al., 2019) and is often closely related
to operational stomatal conductance in nature (Murray et al.,
2019). Despite the fact that many foliar pathogens infect
through stomata, the relationship between stomatal anatomy
and resistance to foliar pathogens is less clear than it is for
gas exchange. I used a spatially explicit model of a pathogen
searching for a stomate to colonize a host. From this Model,
I derived predictions about the relationship between stomatal
anatomy and the probability of colonization, a component of
disease resistance. The model predicts that the probability of
colonization is not always proportional to the surface area of leaf
covered by stomata (fS), as one might intuitively predict. If the
leaf surface is a hostile environment and pathogens have a limited
time to search, lower stomatal density decreases the probability
of colonization even if fS is constant. However, gs,max decreases
proportionally more than the probability of colonization. The
model highlights the potential for conflicting demands of
minimizing pathogen colonization, minimizing stomatal cover,
and maintaining stomatal conductance. Including the effect of
anatomy on pathogen colonization therefore has the potential to
change our understanding of how stomatal size-density scaling
evolves in land plants.
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FIGURE 3 | The probability of colonization increases with both stomatal cover and conductance. I simulated the probability of colonization (pcolonize, y-axis) over a

range of stomatal densities and sizes (see Materials and Methods), but a subset of results are shown here. Stomatal size and density determine stomatal cover (fS;

Equation 1) and theoretical maximum stomatal conductance (gs,max; Equation 1). (A) pcolonize initially increases rapidly with fS (x-axis), then slows down to a linear

relationship. Overall, pcolonize is lower when pathogens can die on the leaf surface (H > 0). The relationship between fS and pcolonize is the same regardless of stomatal

density when H = 0 (upper facet), which is why the lines overlap. When H > 0, higher density (solid lines) increase pcolonize (lower facets). (B) pcolonize increases

exponentially with gs,max at all stomatal densities, but pcolonize is much lower at higher densities for a given gs,max. The relationship between gs,max and pcolonize is similar

for all values of H.

The model predicts that in most cases, increasing stomatal
cover should lead to a proportional increase in colonization,
which agrees with empirical studies (e.g., McKown et al.,
2014; Dutton et al., 2019; Fetter et al., 2019; Tateda et al.,
2019). It also makes new, testable predictions that are less
intuitive (Table 2). At very low fS, there is a rapid increase in

colonization (Figure 3A). If there are no stomata, the probability
of colonization is 0, so the first few stomata dramatically increase
the probability. This is less likely to be significant for abaxial
(lower) leaf surfaces, which usually have most of the stomata
(Salisbury, 1928; Metcalfe and Chalk, 1950; Mott et al., 1984;
Peat and Fitter, 1994; Jordan et al., 2014; Muir, 2015; Bucher
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FIGURE 4 | Log-log scaling relationships between stomatal density (D, x-axis) and size (S, y-axis) that preserve the probability of colonization (pcolonize). In each panel,

solid lines indicate values of D and S where pcolonize is 0.025 (lowest line), 0.1, or 0.4 (highest line). For reference, dashed gray lines show scaling relationships that

preserve fS (β = 1, slope = −1/β = −1) and gs,max (β = 0.5, slope = −1/β = −2) drawn through the centroid of the plotting region. When the death rate on the leaf

surface is low (H = 0), the scaling exponent is very close to β = 1. When H > 0, 0.5 < β < 1 and is slightly non-linear on a log-log scale.

TABLE 2 | New testable model predictions and suggested experiments to test

them.

Model prediction How to test it

Increasing stomatal size and/or

density will have a larger effect on

pathogen colonization in leaves with

low stomatal cover.

Compare the effect of changing

stomatal size and/or density on

pathogen colonization in leaves with

low and high stomatal cover.

Increasing stomatal size and/or

density will have a smaller effect on

pathogen colonization in ephiphytic

environments more hostile to

pathogens.

Compare the effect of changing

stomatal size and/or density on

pathogen colonization in more hostile

environments (e.g., drier, higher light)

When selection against pathogen

colonization is stronger, the stomatal

size-density scaling exponent should

be lower

Measure stomatal anatomy in

environments that differ in pathogen

colonization using comparative or

experimental approaches

et al., 2017; Drake et al., 2019). However, many adaxial (upper)
leaf surfaces have zero or very few stomata. Using adaxial leaf
surfaces, it should be possible to test if small changes in stomatal
size or density have a larger effect on pathogen colonization when
fS is low. Such experiments could use natural genetic variation
(McKown et al., 2014) or mutant lines (Dow et al., 2014b).
The non-linear increase in pcolonize is less apparent when H >

0 (Figure 3A). A more hostile microenvironment (e.g., drier,
higher UV) should therefore reduce the effect of increased size
or density at low fS. If true, the diminishing marginal effect

of fS on colonization could explain why stomatal ratio on the
upper and lower surface is bimodal (Muir, 2015). The initial
cost of adaxial (upper) stomata is relatively high, but if the
benefits outweigh the costs, then equal stomatal densities on each
surface maximize CO2 supply for photosynthesis (Parkhurst,
1978; Gutschick, 1984; Parkhurst and Mott, 1990). The costs
and benefits will certainly vary with environmental conditions as
well. Future work should extend this model, which considered
hypostomatous leaves, to address stomatal size and density in
amphistomatous leaves, since leaf surfaces may differ in the type
of pathogens present and microenvironment (McKown et al.,
2014; Fetter et al., 2019).

An effect of stomatal size and density on foliar pathogen
colonization could change our understanding of stomatal size-
density scaling. Since allocating leaf epidermis to stomata may be
costly (Assmann and Zeiger, 1987; Franks and Farquhar, 2007;
Dow et al., 2014b; Lehmann and Or, 2015; Baresch et al., 2019),
selection should favor leaves that achieve a desired gs,max while
minimizing fS (Boer et al., 2016). Because of their different scaling
exponents (Equation 1, 2), smaller, densely packed stomata can
achieve the same gs,max at minimum fS. However, many leaves
have larger, sparsely packed stomata. Incorporating pathogen
colonization may explain why. If pathogens have a limited
time to find stomata before dying (H > 0), then the scaling
exponent between size and density that keeps pcolonize constant
is between 0.5 and 1, the scaling exponents for gs,max and fS,
respectively (Figure 4). Greater density of smaller stomata can
increase gs,max while keeping pcolonize constant, but this will
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increase fS. Conversely, fS could decrease while keeping pcolonize
constant, but this will decrease gs,max. This sets up the potential
for conflict between competing goals. The optimal stomatal
size and density will therefore depend on the precise costs and
benefits of infection, stomatal conductance, and stomatal cover.
This may explain why many leaves have large, sparsely packed
stomata despite the fact that they could achieve the same gs,max

and lower fS with smaller, more densely packed stomata.
The model examines the probability of colonization for a

single pathogen. The calculated probabilities of colonization
should not be interpreted as exact predictions, but rather as
depicting qualitative relationships between stomatal anatomy
and infection severity. The energetic cost and lost photosynthetic
capacity (closed stomata, necrosis, etc.) of dealing with a
pathogen is assumed to be proportional to the amount of
infection. The actual fitness cost will bemodulated by the number
of pathogens landing on the leaf and the cost of infection, all
else being equal. In environments with fewer or less virulent
pathogens, the fitness cost of infection will be less than in
environments with more abundant, virulent pathogens. The
model is less relevant to very susceptible host plants that can be
severely damaged or killed by a small number of colonizations
that spread unchecked throughout the host tissue.

CONCLUSION

The model makes two non-intuitive predictions. First, the
effect of increased stomatal density or size on susceptibility
to foliar pathogens is greatest when stomatal cover is very
low. Second, maximizing disease resistance sets up a potential
conflict between minimizing stomatal cover and maximizing
stomatal conductance. The first prediction is consistent with
results in Populus trichocarpa (McKown et al., 2014) and may
be relatively straightforward to test experimentally with adaxial
(upper) stomata that occur at low and moderate densities within
the same or closely related species (Muir et al., 2014; Fetter
et al., 2019). The second prediction about size-density scaling is
more complex because we would need to know the relationships

between colonization, stomatal cover, stomatal conductance, and
fitness in natural conditions. There is growing evidence that
stomata mediate tradeoffs between photosynthesis and defense
in Populus trichocarpa (McKown et al., 2019), but testing these
predictions in a variety of species will help determine whether
pathogens have played an important role shaping stomatal
anatomy in land plants.
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