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GENERAL INTRODUCTION





 

Introduction 

Stomata are microscopic pores in the epidermis of most plant aerial organs and most of the gas 

exchange between the plant and the atmosphere takes place through them. Thus, they are 

crucial for survival of land plants since they are key components for photosynthesis and other 

key physiological processes. Genome sequencing of the seagrass, an aquatic flowering plant, 

revealed the lack of several stomatal genes like SPCH, MUTE, FAMA, SCRM2, FLP, MYB88, EPF1, 

EPF2, STOMAGEN and TMM (see below for a description of their functions). This reinforces the 

idea that stomata are key component of the evolutionary adaptation of land plants and that 

they become useless in aquatic environments (Olsen et al., 2016). In line with this idea, 

Arabidopsis thaliana (Arabidopsis, hereafter) stomataless mutants are extreme dwarfs and 

unable to grow and set seeds, and their physiology is particular in terms of metabolism and 

photosynthesis (de Marcos et al., 2015). Photoprotective compounds synthesis and depressed 

photosynthetic activity profiled these mutants, what it is in accordance to their predicted 

extremely low CO2 uptake (de Marcos et al., 2015). 

A stoma is composed of two kidney-shaped cells called guard cells that delimit the stomatal 

pore, and they are dynamic structures as shape changes in guard cells change pore size, thus 

modulating the extent of gas interchange between inner tissues and the atmosphere. Among 

the gases that transit through these tunnels, CO2, which serves as substrate for the 

photosynthetic dark reactions can be highlighted. However, stomata are also the gates for water 

loss, undesirable in some environmental conditions but necessary to establish the transpiration 

current needed for root water and solutes uptake and for leaf cooling (Raven, 2002).  

CO2 uptake and water loss (gas exchange) depend on stomatal dynamics, since stomata behave 

as valves that can open or close depending on turgor-driven shape changes in the two guard 

cells; turgor-mediated opening and closure are modulated by physiological and environmental 

cues that operate through a multitude of molecular signals (Kim et al., 2010). However, stomatal 

density is also very important to determine the extent of gas exchange through stomata (termed 

stomatal conductance, gs) (Franks et al., 2009). Using collections of mutant and engineered 

Arabidopsis genotypes displaying different stomatal densities, Dow et al. showed differences in 

the maximum stomatal conductance (gmax) of up to six-fold (Dow et al., 2014a). Density is not 

the only feature to take into account. Proper spacing between stomata is crucial, and mutants 

displaying stomatal clusters do not exhibit optimal stoma function. Opening and closure 
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response to environmental changes are dysfunctional in this genotypes, highlighting the 

importance of the one-cell spacing rule displayed in Arabidopsis (Dow et al., 2014b). 

Final stomatal numbers and patterning in mature organs depends on the process of stomatal 

development, which is controlled by a genetic programme affected by endogenous and 

exogenous signals, what renders plasticity in stomatal abundance to the plant (Casson and Gray, 

2008). Hence, stomatal development is an essential process that allow proper plant growth and 

adjust it under changing environments (Woodward, 1998). 

 

Stomatal development in Arabidopsis 

In Arabidopsis, a model dicot plant, stomata emerge from a stereotyped process that involves 

cell divisions and cell differentiation events (sketched in Fig. 1). The process begins with the 

acquisition of Meristemoid Mother Cell (MMC) identity by a subset of protodermal cells (step 

1). MMCs undergo an asymmetric division (termed entry division; step 2) that give rise to a 

meristemoid and a larger sister cell named Stomatal-Lineage Ground Cell (SLGC). Meristemoids 

maintain stem cell-like properties and experience repeated asymmetric cell divisions (termed 

amplifying divisions; steps 3a and 3b) in an inward spiral pattern that generates up to three 

SLGCs surrounding a centrally-placed meristemoid. After this variable number of asymmetric 

cell divisions (ACDs), the meristemoid loses its stem cell-like character and differentiates (step 

4) into a Guard Mother Cell (GMC). This GMC irreversibly commits to a symmetric division and 

differentiation process that generates two guard cells (GCs; step 5). These two guard cells 

delimit a pore between them and compose the stoma. SLGCs finally differentiate into pavement 

cells (PCs). These cells and their encircled stoma constitute the anisocytic stomatal complex that 

ensures the functional abilities of the stoma. Some SLGCs may re-acquire MMC identity and 

experience an asymmetric division (termed spacing division; step 4b) to form secondary or 

satellite meristemoids that finally differentiate into secondary or satellite stomata (step 5b). 

Spacing divisions do not compromise the ‘one-cell spacing rule’ (that ensure the existence of at 

least one non-stomatal cell between two stomata) since they orient the new meristemoid away 

from the existing primary stoma (Pillitteri and Torii, 2012; Pillitteri and Dong, 2013). 
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Figure 1. Stomatal development in Arabidopsis. Developmental steps that lead to stomata formation. A 
protodermal cell acquires MMC fate (orange). The MMC executes the first asymmetric division that 
generates a meristemoid (yellow) and an SLGC (blue). The meristemoid can undergo additional 
asymmetric divisions, amplifying the number of SLGCs, and ultimately it differentiates into a GMC (purple) 
whose symmetric division produces the guard cell (GC) pair that constitutes the stoma (green). Secondary 
or satellite stomata can be formed when a SLGC asymmetrically divides away from the primary stoma.  

 

Genetic regulation at a glance 

Over the last years, the genetic control of Arabidopsis stomatal development has been profusely 

investigated, revealing many key regulators of the biogenesis of the stoma. The main cell 

divisions and fate transitions take place under the control of three related basic-helix-loop-helix 

(bHLH) transcription factors (TFs). SPEECHLESS (SPCH) (MacAlister et al., 2007), MUTE (Pillitteri 

et al., 2007) and FAMA (Ohashi-Ito and Bergmann, 2006) consecutively drive the stomatal 

development from lineage initiation to stoma differentiation. Each bHLH works together with 

two redundant partners, SCREAM (SCRM, also known as ICE1 or INDUCER OF CBF EXPRESSION1) 

and SCREAM2 (SCRM2), both bHLH TFs (SCRM/2 or SCRMs hereafter). Heterodimers formed 
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between SCRM/2 and SPCH, MUTE and FAMA act as drivers of the subsequent cell stages 

throughout stomatal lineage development (Kanaoka et al., 2008).  

Our knowledge expands to the upstream regulation of these three main TFs. We know that SPCH 

is subjected to a negative regulation through a MAP (MITOGEN-ACTIVATED PROTEIN) kinase 

pathway that ends up with the phosphorylation of several Ser/Thr residues in SPCH (Lampard et 

al., 2008; Lampard et al., 2009; Yang et al., 2015). Overall, the phosphorylation of these residues 

lead to a reduction of SPCH activity, although positive effects have been reported as well (Yang 

et al., 2015). Known components of these MAP kinase pathway are YODA, MAP KINASE KINASE 

4 (MKK4), MAP KINASE KINASE 5 (MKK5), MAP KINASE 3 (MPK3) and MAP KINASE 6 (MPK6) 

(Bergmann et al., 2004; Wang et al., 2007). But, how is this cascade activated? The process 

involves a family of leucine-rich repeat receptor membrane proteins with – ERECTA (ER) and the 

related ERECTA-LIKE 1 (ERL1) and ERECTA-LIKE 2 (ERL2) – or without kinase domain - TOO MANY 

MOUTHS (TMM) (Nadeau and Sack, 2002; Shpak et al., 2005), which (hetero)dimerize to bind 

extracellular signal molecules. Recently, members of the SERK (SOMATIC EMBRYOGENESIS 

RECEPTOR KINASE) family have been involved in the stomatal development pathway, taking part 

in multiprotein receptorsomes together with ERECTA family (ERf) and TMM (Meng et al., 2015). 

The ERf -mainly ER- and also heterodimers involving TMM perceive the secreted peptide 

EPIDERMAL PATTERNING FACTOR 2 (EPF2). ERf-dimers binding of EPF2 triggers the kinase 

cascade, repressing SPCH function and thence stomata formation (Hara et al., 2009; Lee et al., 

2012). However, another peptide, STOMAGEN, is able to compete with EPF2 for the ER binding 

site and it renders positive effects over stomatal development since it is unable to activate the 

negative cascade (Sugano et al., 2010; Lee et al., 2015). It has been demonstrated that EPF2 and 

TMM are transcriptionally up-regulated by the SPCH-SCRM/2 module (Horst et al., 2015). 

SCRM/2 itself is also up-regulated by the same module (Horst et al., 2015). These and other 

findings were used to propose a two-dimensional model (Fig.2) that indicates that SPCH exerts 

a negative feedback on its own activity, by promoting accumulation of EPF2 and TMM. EPF2 

would inhibit SPCH activity in neighbour cells thanks to its diffusivity, in a clear lateral inhibition 

paradigm (Horst et al., 2015). This inhibition would be less effective in MMCs because they over 

accumulate TMM that would form homodimers and heterodimers with ERf members to recruit 

EPF2 to inactive complexes (a blind alley) because in this MMCs, the ratio TMM:ERf is high (Torii, 

2012; Horst et al., 2015). In this spatial context, the kinase cascade is not highly activated upon 

EPF2 binding, and therefore the lack of kinase domain in TMM has been interpreted as an 

intelligent way to safeguard MMCs of the negative effects of EPF2 (Torii, 2012; Horst et al., 

2015).   
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Figure 2. Two-dimensional regulatory circuit 
for MMC fate determination (from Horst et al., 
2015).  Top) Two adjacent protodermal cells are 
represented. Blue indicates MMC fate 
acquisition through stochastic noise self-
amplification. SPCH-SCRM module is reinforced 
by itself, and TMM and EPF2 are also promoted. 
TMM is enriched in MMC, buffering the MAP 
kinase cascade and promoting SPCH activity. 
EPF2 diffusivity allows it to reach the neighbour 
cells (white) that lose stomatal-lineage 
character. In these cells, TMM is depleted and 
ER kinase activity, triggered by EPF2, 
predominates. Hence, MAP kinase cascade is 
highly active and maintains SPCH activity below 
functional thresholds.  Bottom) Simplified 
diagram summarising the net effects of the 

regulatory circuit. Note that BR signalling and some other components displayed in the figure are obviated 
for being above the scope of this introduction. 

 

Something similar takes place in the MUTE-SCRM/2 module, but the phosphorylation by 

MPK3/MPK6 does not occur. However, the constitutive activation of the MAP kinase module in 

the MUTE promoter expression domain renders a loss-of-function-like mute phenotype, 

indicating that some effector(s) downstream YODA are still unknown (Lampard et al., 2009).  

Moreover, instead of EPF2, another peptide would trigger the MAP kinase cascade, EPIDERMAL 

PATTERNING FACTOR 1 (EPF1), through ERL1 recognition. The ulterior effect of EPF1 action is to 

inhibit the stomatal fate in SLGCs, avoiding the formation of stomata in contact (Hara et al., 

2007; Lee et al., 2012). EPF1, EPF2 and other peptides implicated in stomatal development are 

known as EPFs. 

Finally, FAMA integrates two different functions in the stomatal development pathway: GC 

formation and permanent closure of the re-entry in the cell cycle once GCs are formed. FAMA is 

able to dimerize with SCRM/2 and promote one symmetric division of the GMC and GC 

differentiation (Ohashi-Ito and Bergmann, 2006; Kanaoka et al., 2008). Together with FOUR LIPS 

(FLP) and its paralog MYB88, FAMA also acts inhibiting the symmetric divisions governed by 

CYCLINA2 (CYCA2) genes and CYCLIN DEPENDENT KINASE B1;1 (CDKB1;1) so that this division 

takes place only once (Yang and Sack, 1995; Lai et al., 2005; Xie et al., 2010; Hachez et al., 2011; 

Lee et al., 2014). Moreover, FAMA, in coordination with FLP and MYB88, is able to interact to 

RETINOBLASTOMA-RELATED (RBR) protein to inhibit cell cycle re-entry in the already formed 

GCs (Lee et al., 2014; Matos et al., 2014). Fig. 3 illustrates the genetic components explained 
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above. . Additional loci with an effect in stomatal development have been identified, but their 

genetic and molecular relationship to the main components remain unclear. For 

instance, STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1) participates restraining stomatal 

numbers and preventing stomatal clusters, and its loss-of-function increases stomatal 

density and induces clustering (Berger and Altmann, 2000; von Groll et al., 2002). SDD1 

encodes a putative subtilase, but its substrates have not been identified and its proposed 

involvement in the generation of peptides signaling the receptorsome has never been 

supported by genetic or biochemical evidences. 

Figure 3. Genetic regulation of stomatal development. The SPCH-SCRM/2 module positively regulates 
ACDs during the early stages. This module acts under the strict regulation of MAP kinases cascade (yellow 
box) triggered by the receptorsome composed by ERf and TMM (SERK family components are omitted for 
simplification).  The cascade is activated by EPF2 binding to the receptorsome, and the activation 
counteracted by the competition of STOMAGEN. Similar components regulate the MUTE-SCRM/2 module 
but in this case the MAP kinase cascade is activated by EPF1. In the next cell transition event a similar but 
not identical kinase cascade activates the FAMA-SCRM/2 module leading to GC differentiation. FAMA, as 
well as FLP and MYB88, repress CYCA2 and CDKB1;1 to ensure that the final symmetric division takes place 
only once. Re-entry in the stomatal lineage is inhibited by a module composed by FLP, MYB88, FAMA and 
RBR. 
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SPCH and the initiation of the lineage 

As we mentioned before, SPCH is required for the transition of protodermal cells to MMC and 

for the resulting entry division. As a consequence, spch loss-of-function (LOF hereafter) mutants 

display an epidermis composed solely of PCs (MacAlister et al., 2007). Moreover, no known 

stomata-lineage markers are expressed in null spch backgrounds, what pointed out to a 

complete lack of lineage initiation activity. SPCH transcriptional expression is broad at the earlier 

stages of cotyledon and leaf development and restricts to MMC and young meristemoids later 

on (MacAlister et al., 2007; Pillitteri et al., 2007). Overexpression of SPCH lead to an excessive 

production of ACDs, rendering an epidermis with patches of highly divided cells that express 

lineage markers (MacAlister et al., 2007; Pillitteri et al., 2007). A weak mutant allele, spch-2, was 

tremendously informative to understand the involvement of SPCH in processes that occur after 

lineage initiation. This mutant is able to initiate some lineages but they undergo fewer 

amplification divisions compared with the wild type (MacAlister et al., 2007). This indicates that 

SPCH is needed for the maintenance of the stem-cell-like activity of the meristemoids. Live-

imaging work confirmed this genetic observation and the authors were able to demonstrate that 

SPCH protein expression is needed for meristemoid fate maintenance (Robinson et al., 2011). 

After the ACD, both daughter cells express SPCH protein, but the expression vanishes in the SLGC 

few hours later, remaining in the meristemoid (Robinson et al., 2011). spch-2 was also useful to 

reveal that SPCH governed the satellite stomata formation as well. In this mutant background, 

the production of satellite stomata is limited compared with the wild type and indicates that 

spacing divisions need for SPCH function (MacAlister et al., 2007). Therefore, SPCH participates 

in all ACDs that take place along stomatal lineage development. 

MUTE and the progression towards the stoma 

MUTE is required for the meristemoid-to-GMC transition (Pillitteri et al., 2007). It also 

determines the termination of the ACDs of the meristemoid, and its transcriptional expression 

in late meristemoids coexists with SPCH protein (Davies and Bergmann, 2014). In mute plants, 

no stomata are formed but lineages are present, where meristemoids divide excessively creating 

a beautiful rosette-like pattern made by the inward spiral orientation of the ACDs (Pillitteri et 

al., 2007). MUTE promoter reporter lines indicate that the expression is located to a subset of 

meristemoids, presumably late meristemoids, and GMC (Pillitteri et al., 2007; Pillitteri et al., 

2008; Triviño et al., 2013). This expression pattern fits with it functional adscription. Ubiquitous 

expression driven by the 35S promoter renders an epidermis composed uniquely by stomata, 
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suggesting that all epidermal cells are capable to differentiate into stomata upon MUTE 

expression, even if lineages were not initiated before (Pillitteri et al., 2007; Pillitteri et al., 2008). 

In the same way, conditional overexpression later during development allows the conversion of 

large PCs into giant stomata-like structures, as well as and stomatal pore differentiation (Triviño 

et al., 2013). This results stressed that MUTE extremely strong stomatogenic action must be 

highly restricted in time and place, as it has been demonstrated (Pillitteri et al., 2007; Pillitteri 

et al., 2008; Triviño et al., 2013). Using mute-3 conditionally complemented lines, Triviño et al. 

(2013) demonstrated that MUTE expression in the meristemoid at the proper developmental 

time is necessary to prevent patterning defects, and also that SLGCs require this MUTE 

expression in the meristemoid  for their further differentiation as PCs. These lines rely on the 

proper induction of MUTE protein within a temporal window to avoid patterning defects and to 

allow SLGC differentiation (Triviño et al., 2013).     

 

FAMA and how to close the process 

The transition between GMC and GCs is driven by FAMA although others players are important 

as well, as stated above. In fact, this step is composed by two different processes: the symmetric 

division that lead to two identical cells, and the differentiation of those into GCs. In this context, 

FAMA positively regulates the differentiation and, hence, ectopic FAMA overexpression triggers 

the formation of an unpaired GCs-only epidermis (Ohashi-Ito and Bergmann, 2006). On the other 

hand, fama LOF mutants result in the production of rows of cells without GC identity (Ohashi-

Ito and Bergmann, 2006). In accordance to this phenotypes, holistic transcriptomic approach 

using estradiol-inducible FAMA transgene expression suggested that FAMA activates 

differentiation genes but represses cell cycle control genes as well, what highlights the probable 

role of this TF as activator and repressor of the transcription of downstream genes (Hachez et 

al., 2011). The overproduction of GC-like cells in fama is the consequence of the negative effect 

of FAMA to restrict to only one the symmetric division that anticipates the stoma. This 

symmetric division is executed by the action of CDKB1;1 and CYCA2 family proteins. FAMA and 

the other players of the process (FLP and MYB88) directly bind to the promoters of these cell 

cycle genes, restricting their expression and therefore limiting cell division capability of these 

cells (see below)  (Xie et al., 2010; Lee et al., 2014). Two bHLH proteins, bHLH071 and bHLH093 

are able to dimerize with FAMA in yeast-two-hybrid experiments, although the functional role 

has not been determined yet (Ohashi-Ito and Bergmann, 2006). However, the overexpression of 

those implies a fama-like phenotype what could indicate that their action is to negatively 

regulate FAMA (Ohashi-Ito and Bergmann, 2006).  
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Integrators of the three steps 

There are many instances of bHLH proteins controlling transcription through homo or 

heterodimerization (Toledo-Ortiz et al., 2003). In 2008, Kanaoka and collaborators 

demonstrated the existence of two partially redundant and paralogous bHLH proteins, SCRM 

and SCRM2 that heterodimerize with SPCH, MUTE and FAMA, promoting the three cell-state 

transits. scrm;scrm2 double LOF mutants resemble the spch LOF phenotype (Kanaoka et al., 

2008). Different dosage combination of the LOF of these two genes produces mute and fama-

like phenotypes and a gain-of-function mutant (scrm-D) lead to an epidermis entirely composed 

of stomata, resembling MUTE overexpression (Kanaoka et al., 2008). That suggest the functional 

importance of SCRM/2 for the proper SPCH-MUTE-FAMA steps consecution. It is worth to 

mention that SCRM was previously identified as ICE1 and implicated in freeze tolerance 

(Chinnusamy et al., 2003). That could reflects a strategy to integrate environmental clues and 

stomatal development. We will discuss later the imbricated relationship between the exogenous 

signals and stomatal production. 

MUTE and SCRM overexpression can lead to the formation of stomata, in cell types and organs 

that generally do not do it. Strikingly, this ectopic formation is limited to the epidermis of aerial 

parts of the plant (Kanaoka et al., 2008; Pillitteri et al., 2008). This data indicates a strict pre-

specification of the shoot protodermal identity (L1) for the stomatal biogenesis. In 2013, two 

papers demonstrated that the homeobox TFs ATML1 (ARABIDOPSIS THALIANA MERISTEM 

LAYER 1) and HDG2 (HOMEODOMAIN GLABROUS2) are required for the progression of the 

stomatal lineages (Peterson et al., 2013; Takada et al., 2013). Moreover, their ectopic expression 

induces the formation of stomata in non-epidermal cells, like internal mesophyll tissues 

(Peterson et al., 2013; Takada et al., 2013).  

 

Cell-cycle and epigenetic regulation on stomatal development 

Stomatal development relies on cell division. Regarding cell-cycle machinery, little is known 

about the entry, amplifying and spacing ACDs that depends on SPCH function. In hypocotyls, LOF 

mutants of CYCD (CYCLIN D) genes reduce the number of cells is non-protruding files, those that 

allow stomatal initiation, in comparison to the wild type. Overexpression of CYCD4;2, on the 

other hand, lead to an increase of the divisions in these cell files, which express specific stomatal 

markers. These facts could indicate that SPCH may regulate CYCD4;2 in order to execute the 

initiation of lineages in the hypocotyls (Kono et al., 2007). Since the Arabidopsis genome exhibits 
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a large redundancy for cell cycle genes and mutants with informative phenotypes are rare, 

similar findings regarding stomatal ACDs in flat organs have been elusive. However, among the 

phosphorylation residues of SPCH, Ser186 has been found to be crucial for SPCH function. CDKA;1 

(CYCLIN-DEPENDENT KINASE A;1) phosphorylates this serine in vitro and functional analysis 

determined that this event is required for SPCH positive function in stomatal initiation (Yang et 

al., 2015). It has been proposed that some CYCDs are preferentially associated with cells 

expressing SPCH, and probably related to the temporal window in which SPCH drives ACDs 

(Adrian et al., 2015). 

Our understanding is more detailed in relation to the symmetric division that leads to the 

formation of the paired GCs. As stated above, the current model highlights the action of CDKB1;1 

and CYCA2 family to promote this division, and the regulatory repression through FAMA and 

FLP/MYB88  (Xie et al., 2010; Lee et al., 2014). Although FAMA and FLP/MYB88 act together 

regulating the same target genes, neither direct protein-protein nor protein-DNA relationship 

between them was found. Sharing the same targets genes allows them to regulate together the 

same cell type division. A ‘meeting point’ for these TFs is the RBR protein (Lee et al., 2014; Matos 

et al., 2014). RBR is a homolog of a human tumour suppressor protein Retinoblastoma. In plants, 

RBR is involved in the Histone H3 Lysine27 trimethylation (H3K27me3) (Zhang et al., 2007). 

FAMA and FLP bind to RBR in vivo and this complex may recruit Polycomb repressive complexes 

(PRCs) that deposit H3K27me3 marks to give rise to a repressive chromatin state (Lee et al., 

2014; Matos et al., 2014). It is still not clear which components of the PRCs regulate the stomatal 

irreversible identity but when the FAMA LxCxE motif where RBR binds is knocked-down, 

stomatal lineages re-initiate within the mature GC, leading to the stoma-in-stoma (SIS) 

phenotype (Matos et al., 2014). This is in accordance to the lack of the repressive chromatin 

marks in the target loci, what would permit the resetting of the stomatal biogenesis program. 

Among these loci, SPCH promoter is directly bound by RBR but this protein-DNA interaction is 

weaker when FAMA is unable to interact with RBR through its LxCxE motif (Matos et al., 2014). 

That indicates a lineage-specific recruitment of RBR mediated by FAMA to repress the SPCH 

function in GCs, and nicely represent a paradigm for the closing of a developmental process.  

 

Polarity acquisition in meristemoid ACDs 

In Arabidopsis, stomatal development depends on asymmetric divisions that give rise to 

different cell fates. In the early stages of the biogenesis of the stoma, a meristemoid is formed 

and its fate is maintained until GMC differentiation, being SPCH a key regulator of this fate 
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(MacAlister et al., 2007; Robinson et al., 2011). However, SPCH role must be executed by a cell 

polarizing machinery through differentially located proteins that are able to establish the cellular 

asymmetry of the meristemoid, resulting in an asymmetric division. In 2009, a breakthrough 

paper discovered a novel protein whose location pattern is unequal within the stomatal lineage 

cell types. This protein, named BASL (BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE) 

behaves different in MMC, meristemoids, SLGCs and PCs, as indicated in Fig. 4 (Dong et al., 

2009). In the MMC, BASL localised in the nucleus and prior to the ACD, the protein locates at a 

discrete region in the cell periphery as well. This cell periphery location marks the distal part of 

the future large cell division product (the SLGC), while the smaller cell product (the new 

meristemoid) derives from the opposite cell pole. After the asymmetric division, BASL 

accumulates in both nucleus of sister cells and remains in the periphery only in the SLGC (Dong 

et al., 2009). This expression pattern is reiterated in the amplifying divisions. However, when the 

meristemoid differentiates into GMC, the nuclear expression vanishes during the cell transit. 

Regarding the SLGC, if the fate is to differentiate into a PC, BASL localises in the periphery of the 

cell during this differentiation process. If, on the contrary, the SLGC is ascribed to initiate a 

satellite meristemoid, peripheral and nuclear accumulation appears, being the peripheral 

expression located next to the pre-existing stoma and away from the newly born meristemoid 

(Dong et al., 2009). 

 

 

Figure 4. Polar-localisation of BASL during the commitment to different cell fates. BASL localizes to the 
nucleus and to the cell periphery. Immediately after the entry division, BASL localises to the nucleus in 
both sister cells; but in amplifying divisions, it remains nuclear in the meristemoid and peripheral in the 
SLGCs. Peripheral expression is maintained in SLGCs during PC differentiation and locates next to the 
existing stoma when satellite lineages are initiated. Vanishing of the expression in the meristemoid occurs 
just before stoma differentiation. 
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This distinct location pattern of the BASL protein has functional implications, and LOF basl 

mutants display asymmetry defects  that lead to clustered stomata (Dong et al., 2009).  

Recently, a mechanism of action was proposed for BASL (Fig. 5; Zhang et al. (2015)). According 

to the evidences found, BASL would act as a scaffold protein recruiting MPK3/6 and YODA when 

it is located at the cell periphery of the cell. As stated before, peripheral expression precede PC 

differentiation. The recruitment of MPK3/6 and YODA enhance the signal that negatively 

regulates SPCH, thus permitting the exit from the stomatal lineage. The proposed model 

indicates that BASL is phosphorylated in the nucleus by MPK3/6. This phosphorylated BASL 

protein is able to travel towards the periphery of the cell, where it starts recruiting MPK3/6 and 

YODA. Activated (phosphorylated) MPK3/6 at the cellular cortex close the feedback loop by 

phosphorylation of BASL at the nucleus again. This feedback loop generates a gradient of SPCH 

repression, being higher at the SLGC that will become PC. The nucleus, where the meristemoid 

fate must be maintained, has lower levels of MAP kinases, what allows SPCH to accumulate 

above functional thresholds (Zhang et al., 2015).  

 

Figure 5. Molecular mechanism for BASL action in 
coordination with MAP kinases. Prior to an ACD, BASL 
has nuclear location. After its phosphorylation by 
MPK3/6, BASL migrates to the periphery, marking the 
future SLGC location. At this position it recruits YODA 
and MPK3/6, acting as a scafold to concentrate the 
kinase cascade and enhancing negative signalling of 
stomatal fate in the future SLGC. The activated 
MPK3/6  migrates to the nucleus where the feedback 
loop start. 

 

Another polarly-expressed protein, POLAR LOCALIZATION DURING ASYMMETRIC DIVISION AND 

REDISTRIBUTION (POLAR) has been discovered (Pillitteri et al., 2011). Its transcriptional 

expression is high in a meristemoid-enriched epidermis and, prior to meristemoid formation, it 

is located at the cell perphery, distally to the division plane. After the ACD, POLAR is accumulated 

in the meristemoid, where it maintains the peripheral pattern, and vanishes in the SLGC that will 

become a PC. In the meristemoid-to-GMC transit, POLAR accumulation also dissappears. 

Although peripherically-located POLAR protein depends on BASL function, little is known about 

the mechanism of action underlying its function. The LOF polar mutants displayed no evident 

phenotype, what could be the consequence of functional redundancy (Pillitteri et al., 2011).  
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SPCH as the integrator of environmental and hormonal signals. 

Brassinosteroids 

Brassinosteroids (BRs) are plant steroid hormones that regulate different growth and 

developmental processes (Saini et al., 2015). When BRs bind to the BR receptor 

BRASSSINOSTEROID INSENSITIVE 1 (BRI1), this receptor dimerizes with its partner BRI1-

ASSOCIATED RECEPTOR KINASE (BAK1), allowing the interaction between BSK1 (BR SIGNALING 

KINASE 1) and the phosphatase BSU1 (BRI1 SUPPRESSOR 1). The latter dephosphorylates BIN2 

(BRASSINOSTEROID INSENSITIVE 2), a key player on the regulation of BR signalling pathway. As 

a member of the GSK3 (GLYCOGEN SYNTHASE KINASE 3)/Shaggy-family of protein kinases, when 

BRs are absent, BIN2 phosphorylates the TFs BES1 (BRI EMS SUPPRESSOR 1) and BZR1 

(BRASSINAZOLE RESISTANT 1) preventing BR-dependent transcriptional regulation. In the 

presence of BRs, BSU1 inactivates BIN2, allowing the activity of BES1 and BZR1 that regulate 

downstream genes in different processes (Saini et al., 2015).  

There are evidences that BRI1 is somehow implied in stomatal development (Gudesblat et al., 

2012b; Kim et al., 2012). LOF mutants at this locus exhibited moderate stomatal clustering, 

suggesting a role of BR perception in this developmental pathway. BSU1 has redundant paralogs, 

but the quadruple mutant bsu-q shows a severe stomatal clustering phenotype with almost the 

entire epidermis composed of stomata. BZR1 and BES1 do not seem to be involved in this 

stomatal function but BIN2 was revealed to genetically act downstream of ERf and TMM, but 

upstream of YODA and ICE1, mediating a BR-dependent stomatal development response. It has 

also been shown that BIN2 phosphorylates and inhibits YODA, MKK4 and MKK5. According to 

this scenario, BRs inhibit stomatal development since they release the BIN2-mediated 

repression of the MAP kinase cascade (Kim et al., 2012). This cascade negatively affects SPCH, 

as we mentioned before, resulting in lower stomatal numbers. 

However, a separate study suggested that BRs positively regulate stomatal production 

(Gudesblat et al., 2012b). CPD (CONSTITUTIVE PHOTOMORPHOGENIC DWARF) is a key 

component of the BR biosynthesis and its LOF mutant, cpd, showed a reduction of stomatal 

differentiation in the hypocotyls. Moreover, SPCH is phosphorylated in vivo by BIN2, leading to 

its functional destabilization. On the other hand, SPCH versions resistant to BIN2 by mutation of 

the phosphorylation target sites, produce excessive ACDs (Gudesblat et al., 2012b). These two 

conflicting reports indicate that BRs mediate a complex response that could lead to 
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contradictory phenotypes, highlighting the relevance of the experimental conditions or the 

studied organ or suggesting a very imbricated relationship between BRs and stomatal pathways 

(Gudesblat et al., 2012a). 

The complexity is even higher when we consider recent data that indicates that BAK1 helps to 

achieve a proper stomatal patterning (Meng et al., 2015). LOF of BAK1 and other SERK family 

genes triggers the exhibition of high-order clustering events. In fact, BAK1 phosphorylates ERf 

and vice versa, and there is a protein-protein association between them. This association 

depends on the previous interaction with EPFs ligands. However, this ligand-dependency does 

not occur with the TMM-BAK1 interaction that form a constitutively-activated complex (Meng 

et al., 2015). Although there are several questions to be addressed, like the mechanisms to 

transduce EPFs signals through BAK1, this study highlighted the versatility of BAK1 that has been 

previously identified as co-receptor in several processes (Chinchilla et al., 2009). The integrator 

of these complex signals is SPCH, which can be modulated by phosphorylation either directly by 

BIN2, or through the MAP kinase module.  

 

Auxins 

Auxins regulate multiple processes in terms of cell division and differentiation (Benjamins and 

Scheres, 2008), and they are especially important in the regulation of ACDs in different contexts 

and organs (De Smet and Beeckman, 2011). When auxin polar transport is disrupted using 

chemical or genetic approaches, stomatal clustering appears (Le et al., 2014). Detailed 

observations showed that auxin levels peak in young meristemoids and suddenly depletes just 

before GMC differentiation. In addition, the efflux carrier PIN-FORMED 3 (PIN3) is strongly 

expressed in late meristemoids and GMCs, indicating that this auxin depletion is programmed 

and is required for the switch from asymmetric to symmetric division within the stomatal 

lineages (Le et al., 2014). Later, this negative effect of auxin in stomatal differentiation was 

corroborated, with additional studies showing that auxin exogenous application lead to a 

decreased production of stomata and that mutants affected in auxin biosynthesis, conversely, 

display a high proportion of stomatal clusters (Balcerowicz et al., 2014; Zhang et al., 2014). The 

question raised by this data was how auxin and stomatal pathways are connected?  Auxin 

pathways depend on hormone perception by TIR1 (TRANSPORT INHIBITOR RESPONSE 1) and 

AFB (AUXIN-BINDING F-BOX), degradation of the AUXIN/INDOLEACETIC ACID (Aux/IAA) 

repressors, and the ulterior activation of the AUXIN RESPONSE FACTORS (ARFs) (Balcerowicz and 

Hoecker, 2014). One of them, MONOPTEROS (MP), also named ARF5, is able to bind STOMAGEN 

and repress its transcription (Zhang et al., 2014). Auxin-derived phenotypes depend on the 
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integrity of the ERf and stomatal MAP kinases, supporting the idea that auxin works upstream 

of this signalling cascade (Balcerowicz and Hoecker, 2014). This evidence is the link that connects 

both pathways. However, MP repression over STOMAGEN only partially explains the phenotypes 

observed, and epistasis analysis suggested that additional targets may be involved (Balcerowicz 

and Hoecker, 2014; Zhang et al., 2014).  

 

ABA and osmotic stress 

Abscisic Acid (ABA) has been studied profusely in its relationship with osmotic and drought 

stresses (Yoshida et al., 2014). Its role in  stomatal closure is also well established (Daszkowska-

Golec and Szarejko, 2013). However, stomatal development and ABA links are starting to be 

unravelled only in the recent years.  

ABA deficient mutants showed an increase in stomatal numbers and a prolonged life of the 

meristemoids (Tanaka et al., 2013). ABA application to these mutants reduces stomatal numbers 

(Tanaka et al., 2013). Using mute genetic background, the authors showed that the deficiency 

of ABA triggers excessive entry and amplifying divisions of the characteristic mute arrested 

meristemoids (Tanaka et al., 2013). This effect is probably indicating that SPCH activity is higher 

when ABA is absent. 

 

Light and CO2 

Light up-regulates STOMAGEN expression, which probably explains the well-established light-

mediated increase in stomatal production (Hronkova et al., 2015). Light is perceived by 

phytochromes and cryptochromes. It has been proposed that COP1 (CONSTITUTIVE 

PHOTOMORPHOGENIC 1) integrates the light signal into YODA pathway based on genetic 

evidences, and the final response to high light is an attenuation of the negative MAP kinase 

cascade (Kang et al., 2009). Mutants in COP1 and also in COP10 (CONSTITUTIVE 

PHOTOMORPHOGENIC 10) show stomatal clusters that are formed both in the dark and in the 

light (Kang et al., 2009; Delgado et al., 2012). In the absence of light, stomatal differentiation is 

highly repressed, and this repression requires auxin signalling through AXR3 (AUXIN RESISTANT 

3), although the exact mechanism is still unknown (Balcerowicz et al., 2014). PHYTOCHROME-

INTERACTING FACTOR 4 (PIF4) and the phytochrome B (phyB) itself, positively regulate stomatal 

development in a light-intensity proportional manner (Casson et al., 2009). 

CO2 was linked to stomatal production a long time ago through HIGH CARBON DIOXIDE (HIC), a 

gene that seems to be necessary for the CO2-mediated stomatal density increase under an 
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atmosphere enriched in this gas. HIC, which encodes a biosynthetic enzyme involved in the 

production of cuticular waxes, was the first evidence to explain the inverse correlation between 

CO2 and stomatal densities over the plant evolution (Gray et al., 2000). More recently, two 

carbonic ß-anhydrase genes (CA1 and CA4) have been shown to play a role in the CO2-mediated 

repression of stomatal development under high CO2 environments (Engineer et al., 2014). These 

high levels of CO2 induce the expression of CO2 RESPONSIVE SECRETED PROTEASE (CRSP), a 

subtilase that cleaves EPF2 pro-peptide to make it bioactive, and the expression of EPF2 itself 

(Engineer et al., 2014). That makes a positive feedback loop that renders an inhibitory output 

on stomatal development. 

 

Other environmental factors and hormones 

Other exogenous signals affect the biogenesis of the stomata. Humidity and temperature affect 

stomatal development but the genetic mechanisms are little known (Casson and Gray, 2008; 

Lake and Woodward, 2008). Humidity negatively regulates stomatal index (Lake and Woodward, 

2008; Tricker et al., 2012). This effect has been linked to transcriptional and post-transcriptional 

repression of SPCH and FAMA (Tricker et al., 2012). Cytosine methylation of both genes were 

found, suggesting epigenetic regulation of stomatal development in response to atmospheric 

water content (Tricker et al., 2012).  

Different biotic and abiotic stresses activate MAP kinase cascades. It has been proposed that 

MAP kinases act as integrators of different signals into developmental outputs (Wang et al., 

2007; Colcombet and Hirt, 2008; Popescu et al., 2009). As mentioned before, ICE1, involved in 

cold acclimation, is also a very important player on stomatal development, emphasizing the 

imbricated links between environment and development (Chinnusamy et al., 2003; Kanaoka et 

al., 2008). 

Osmotic stress reduced the expression of EPF2 (determined through the analysis of a 

EPF2pro::GFP line) and, hence, indicate that the MMC number is lower (Kumari et al., 2014). This 

occurs independently of EPFs and ERf/TMM signalling components, but depends on MAP kinase 

cascade (Kumari et al., 2014). 

Other phytohormones have shown effects on stomatal development. For instance, ethylene 

induce stomatal densities, and gibberellic acid positively regulates stomata formation in 

hypocotyls (Serna and Fenoll, 1996; Saibo et al., 2003). However, the molecular basis of these 

effects are unknown. Fig. 6 summarises these signals and its effect on SPCH. 
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Figure 6. SPCH integrates endogenous and exogenous signals. Auxins repress stomata formation. They 
promote MONOPTEROS activity, which represses STOMAGEN transcription; the low STOMAGEN levels 
maintain SPCH inactivation by the MAP kinase cascade. Light enhances STOMAGEN expression, being this 
signal positive in terms of the ulterior SPCH activity. BRs are perceived by the receptor BRI1 and the co-
receptor BAK1 and those induce the activity of BSUs proteins that repress BIN2. BIN2 can phosphorylate 
and inhibit the MAP kinase cascade and SPCH itself. These two targets render both positive and negative 
effects of BRs on SPCH activity. ABA and osmotic stresses repress SPCH function, through unknown 
mechanisms. CO2 and the SPCH-SCRM/2 module promote EPF2 production that activates the MAP kinase 
cascade which inactivates SPCH. SPCH-SCRM/2 also promotes itself and TMM, but specific details of this 
SPCH-mediated pathway are explained below. 

 

SPCH regulatory capabilities 

We discussed the plasticity of stomatal development in terms of modulation of SPCH activity. As 

a TF, it is expected that it regulates the expression of a set of target genes. The evidences for 

this assumption have been elusive for years, until Lau et al. (2014) determined that SPCH binds 

to chromatin in vivo, using a modified ChIP-seq (Chromatin immunoprecipitation and 

sequencing) approach (Lau et al., 2014). They found 8,327 SPCH-bound genomic regions, mostly 
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associated to sequences upstream of transcriptional start sites. Within these regions, 

sequencing analysis revealed CDCGTG as the preferential motif for the binding of SPCH. This 

sequence is a variant of the E-box (CACGTG) to which bHLH proteins typically bind. Following 

stringency filters, out of the initial 8,327 target sequences, only 1,517 were defined as high-

confidence loci directly regulated by SPCH binding. These data were combined with 

transcriptional profiles obtained by the induction of SPCH expression. The comparison revealed 

that SPCH may act as activator and as a repressor of transcription (Lau et al., 2014). Known 

stomatal regulator genes are present in the list of SPCH targets, like SPCH itself, TMM, BASL, 

ICE1, ERL2, POLAR, MUTE or EPF2, as are several brassinosteroid-related genes like BIN2, BZR1, 

CPD or BES1 (Lau et al., 2014). Further ChIP and trans-activation analyses were carried out 

highlighting the regulatory capabilities of SPCH. In this study, SPCH trans activates  the ICE1 and 

TMM promoters and activation is higher when ICE1 is used as co-factor of SPCH (Horst et al., 

2015). Combined action of SPCH and ICE1 trans-activated EPF2 transcriptional reporter as well 

(Horst et al., 2015). On the other hand, SPCH protein accumulation itself is not enough to initiate 

stomatal lineages, and SCRM/2 factors are needed for this activity (Horst et al., 2015). All these 

results indicate that SCRM/2 TFs are important for the regulatory capabilities and the acquisition 

of functional thresholds of SPCH.  

Further studies of the transcription regulation mediated by the module SPCH-SCRM/2 are 

needed to unravel how the initiation of the stomatal development is achieved. 
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Objectives 

1. To obtain the transcriptomic signatures of the stomataless spch and mute mutants, 

defective in early events of stomatal development and use them: 

a. To predict novel regulators of such early stages, using reverse genetics to 

progress in their study. 

b. To combine these transcriptomes with functional imaging of the mutant plants 

to study the physiological consequences of lacking stomata. 

 

2. To characterize new mechanisms involved in the first stages of stomatal development 

through the identification of novel stomatal phenotypes by forward genetics. After the 

identification of the novel hypomorphic spch-5 allele in this goal, the following specific 

objectives were set: 

a.  The phenotypic dissection of spch-5 in terms of developmental mechanisms 

and transcriptomic signatures, and the involvement of brassinosteroids in the 

processes altered in spch-5. 

b. The exploitation of this allele to study the early stages of stomatal development 

and the asymmetric cell divisions within stomatal lineages.  

c. To examine further these early stages altered in spch-5 through the study of 

other mutants displaying similar phenotypes. 
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Transcriptional profiles of
Arabidopsis stomataless mutants
reveal developmental and
physiological features of life in the
absence of stomata

Alberto de Marcos 1‡, Magdalena Triviño 1‡, María Luisa Pérez-Bueno2,

Isabel Ballesteros 1†, Matilde Barón2, Montaña Mena1* and Carmen Fenoll 1*

1 Facultad de Ciencias Ambientales y Bioquímica, Universidad de Castilla-la Mancha, Toledo, Spain, 2 Departamento de

Bioquímica, Biología Celular y Molecular de Plantas, Estación Experimental del Zaidín, Granada, Spain

Loss of function of the positive stomata development regulators SPCH or MUTE

in Arabidopsis thaliana renders stomataless plants; spch-3 and mute-3 mutants are

extreme dwarfs, but produce cotyledons and tiny leaves, providing a system to

interrogate plant life in the absence of stomata. To this end, we compared their

cotyledon transcriptomes with that of wild-type plants. K-means clustering of differentially

expressed genes generated four clusters: clusters 1 and 2 grouped genes commonly

regulated in the mutants, while clusters 3 and 4 contained genes distinctively regulated

in mute-3. Classification in functional categories and metabolic pathways of genes in

clusters 1 and 2 suggested that both mutants had depressed secondary, nitrogen and

sulfur metabolisms, while only a few photosynthesis-related genes were down-regulated.

In situ quenching analysis of chlorophyll fluorescence revealed limited inhibition of

photosynthesis. This and other fluorescence measurements matched the mutant

transcriptomic features. Differential transcriptomes of both mutants were enriched

in growth-related genes, including known stomata development regulators, which

paralleled their epidermal phenotypes. Analysis of cluster 3 was not informative for

developmental aspects ofmute-3. Cluster 4 comprised genes differentially up−regulated

in mute−3, 35% of which were direct targets for SPCH and may relate to the unique cell

types of mute−3. A screen of T-DNA insertion lines in genes differentially expressed in

the mutants identified a gene putatively involved in stomata development. A collection of

lines for conditional overexpression of transcription factors differentially expressed in the

mutants rendered distinct epidermal phenotypes, suggesting that these proteins may be

novel stomatal development regulators. Thus, our transcriptome analysis represents a

useful source of new genes for the study of stomata development and for characterizing

physiology and growth in the absence of stomata.

Keywords: epidermis development, fluorescence imaging,mute-3, photosynthesis, spch-3, stomata, transcription

factor, transcriptome

41



de Marcos et al. Transcriptomes of stomataless Arabidopsis mutants

Introduction

Stomata regulate CO2 uptake and water loss, and are essential
for cooling down plant leaves, and for pumping water and
nutrients from roots to shoots through transpiration streams.
They also play a pivotal role in global carbon and water cycles
(Hetherington and Woodward, 2003). Although environmental
conditions regulate the extent of stomata aperture, stomata
operate within relatively narrow margins, which are set for their
optimal function and are rarely wide open (reviewed in Dow and
Bergmann, 2014; Dow et al., 2014a). Therefore, their abundance
and distribution patterns are key for determining the maximum
area available for gas exchange, thus impinging on plant survival
and reproduction.

The adoption of Arabidopsis thaliana (Arabidopsis hereafter)
as a model for stomatal development has produced a wealth
of information regarding the genetic control of this process
(Dong and Bergmann, 2010; Pillitteri and Dong, 2013).
Stomata differentiation takes place gradually during organ
development (Geisler and Sack, 2002) via the interplay of a
genetic programme with environmental cues and results in
different stomatal numbers under different conditions (Casson
and Gray, 2008; Casson et al., 2009; Kang et al., 2009;
Xie et al., 2010; Delgado et al., 2012; Tricker et al., 2012;
Casson and Hetherington, 2014; Kumari et al., 2014). To
date, the mechanisms that link environmental cues to the
gene circuits that regulate stomata development remain largely
unknown. Recently, the developmental response to elevated
atmospheric CO2 was analyzed (Engineer et al., 2014). The
analysis involved two carbonic anhydrases and an extracellular
protease, which promotes accumulation of the signaling peptide
EPF2, a repressor of stomatal development. Evidence exists for
a broad intraspecific natural variation in stomatal abundance
(Woodward et al., 2002). A detailed study unveiled accessions
with extremely high or low values, suggesting that genetically
determined stomatal abundance may have an adaptive value in
natural environments (Delgado et al., 2011). In the past years,
a combination of genetic, genomic, and biochemical approaches
have contributed to dissecting gene circuits regulating stomata
development, their abundance and patterns (Lau and Bergmann,
2012). While these studies have identified only a few positive
regulators of stomata development, they describe a wealth of
genes that ensure correct stomata patterns. Amongst these
negative regulators of stomatal development are membrane
receptors and receptor kinases (TMM and the ERECTA family),
signaling peptides, and specific members of MAP kinase
cascades, among others (Pillitteri and Torii, 2012; Torii, 2012;
Wengier and Bergmann, 2012).

This research efforts have generated mutant or engineered
Arabidopsis genotypes with various stomatal abundances and
patterns, establishing correlations between reduced stomatal
densities and reduced transpiration/increased water-use
efficiency (Von Groll et al., 2002; Yoo et al., 2010; Chakravorty
et al., 2011; Xing et al., 2011; Franks et al., 2015). Recent work has
analyzed a range of genotypes with distinct stomatal abundances
and patterns, determining how epidermal phenotypes impinge
on physiological parameters such as stomatal conductance

or CO2 assimilation. These studies have also highlighted the
relevance of proper stomata spacing and have revealed the
physiological consequences of different stomatal densities (Dow
et al., 2014a,b). Microarray analysis of various genotypes has
also proven useful for describing developmental aspects and
for identifying new genes (Hachez et al., 2011; Pillitteri et al.,
2011). Other genome-wide approaches have identified in vivo
chromatin binding sites for SPCH (Lau et al., 2014), providing a
suite of putative target genes for this transcription factor, which
acts as a positive regulator of stomata development.

As stomata are crucial for land plants, species lacking stomata
are very rare (Woodward, 1998). However, loss-of-function of
positive stomatal development regulators gives rise to stomataless
phenotypes. Among these positive regulators are three related
basic helix-loop-helix (bHLH) transcription factors that drive
entry into stomatal lineage (SPEECHLESS, SPCH; Macalister
et al., 2007), transit from meristemoid to guard mother cell
(GMC) (MUTE; Pillitteri et al., 2007) and terminal differentiation
of GMC into paired GCs (FAMA; Ohashi-Ito and Bergmann,
2006) (Figure 1A). Loss-of-function mutations in any of these
genes give rise to stomataless plants (Figure 1; reviewed by Dong
and Bergmann, 2010). spchmutants produce only pavement cells
(Macalister et al., 2007);mutemutants produce arrested stomatal
lineages (Pillitteri et al., 2007; Triviño et al., 2013) and fama
mutants produce caterpillar-like GMC tumors instead of forming
stomata (Ohashi-Ito and Bergmann, 2006).

Although mutants lacking stomata are extreme dwarfs,
their cotyledons are amenable to molecular, physiological

FIGURE 1 | Stomatal development in Arabidopsis. (A) Arabidopsis

stomatal development from a protodermal (Meristemoid Mother cell, MMC;

yellow) involves sequential cell division and differentiation events that can be

grouped into three main stages, regulated by three bHLH transcription factors:

SPEECHLESS (SPCH), MUTE, and FAMA. SPCH is required for up to three

asymmetric divisions that generate the cells in the stomatal lineage:

meristemoids (M, red) and stomatal lineage ground cells (gray) that will

eventually differentiate into pavement cells. MUTE is essential for the transition

of the youngest meristemoid to a guard mother cell (GMC, blue) and FAMA

controls the symmetric division of the GMC, which produces the guard cell pair

(GC, green). (B) DIC micrographs of adaxial cotyledons showing the epidermal

phenotypes of the genotypes used in this work. Loss-of-function mutations in

SPCH (spch-3) prevent the initiation of stomatal lineages, while mutations in

MUTE (mute-3) allow lineages to initiate and develop, but they arrest prior to

stomata differentiation. Col-0 is a wild-type accession. Bar, 20μm.
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and developmental analysis. Accessing their genome-wide
transcriptional complement will provide unbiased clues as to
which genes and pathways are active under the conditions
imposed by their genotypes. In this work, we exploit the
transcriptomes of spch-3, mute-3, and Col-0 cotyledons to
identify the molecular trends of stomataless plants (genes
similarly expressed in both mutants that had distinct epidermal
cell types) and of mute-3 (genes differentially expressed
only in this mutant and potentially related to developing
stomatal lineages). We made predictions from transcriptome
analysis related to physiology or development and tested
them functionally by in vivo fluorescence imaging, as well
as by phenotyping loss-of-function mutants and transgenic
conditional overexpressing lines.

Materials and Methods

Plant Material and Growth Conditions
Arabidopsis thaliana L. (Heyn) ecotype Columbia-0 and the
mutant line spch-3 (Macalister et al., 2007) were obtained
from NASC (accessions N1092 and SAIL_36_B06, respectively);
mute-3 is described in Triviño et al. (2013). Transgenic
TRANSPLANTA lines are described in Coego et al. (2014).
T-DNA insertion lines were purchased from NASC and
homozygous lines were generated and genotyped (Table S1). All
lines were in a Col-0 background.

For in vitro growth, sterile seeds were sown in 1X MS + 1%
sucrose plates and kept at 4◦C in the dark for 48 h. Seedlings were
grown in chambers with a 16 h photoperiod, 21◦C, 60% relative
humidity and 70μmol photon cm-2 s-1, as described in Delgado
et al. (2011).

RNA Extraction and Microarray Hybridization
RNA was extracted from 30 cotyledons collected 21 days
post germination (dpg). Mutant genotypes were maintained in
heterozygous stocks and segregating homozygous seedlings were
identified by microscopic inspection. For each mutant seedling,
one cotyledon was phenotyped and the other frozen in liquid
nitrogen. Nine independent samples/genotype were collected
and pooled into three biological replicates for RNA extraction.

RNA was extracted with Trizol/RNeasy as described in
Triviño et al. (2013). RNA quality was tested with an Agilent 2100
Bioanalyzer (Brolingen). Sample preparation and hybridization
with ATH1 GeneChip (Affymetrix) was performed at the
Centro Nacional de Biotecnología (Madrid). Three independent
biological samples were used to hybridize each of the three
slides used. The original hybridization results were deposited in
ArrayExpress (accession number E-MTAB-3416).

Transcriptome Analyses
Background correction, normalization and expression data
averaging following optical reading of GeneChips with a 3000
7G scanner (Affymetrix), as well as conversion to.CEL files,
was performed by robust multichip analysis (RMA) (Irizarry
et al., 2003). Gene expression values were adjusted to a linear
model to apply a contrast by Student’s t-test using an empirical
Bayes analysis (LIMMA, Smyth, 2004) and to obtain p-values.

Benjamini and Hochberg’s (1995) method was used to correct
for false discovery rate (FDR). FDR adjusted p-values < 0.05 and
fold changes between samples > ± 2 were considered significant.
Transcripts absent in all genotypes were eliminated according to
the MAS5 algorithm (Hubbell et al., 2002). Transcripts detected
in at least two of the three replicates were considered “present.”

Genes differentially expressed (DE) among genotypes were
obtained using the VENNY software program (Oliveros, 2007).
Functional classification of Venn diagram intersections was
performed with MapMan 3.0.0 (Thimm et al., 2004) for Figure 5.
Gene Ontology-based software AgriGO (Du et al., 2010) was
used for Supplementary Figures S1, S2 and S3 using TAIR 10.
Clustering was made using a k-means clustering algorithm (k =

4; covariance as a distance method) with Genesis software (Sturn
et al., 2002).

Real Time PCR
Expression levels were estimated by quantitative RT-PCR, using
cDNA obtained from the RNA samples used for microarray
hybridization, with the High-Capacity cDNA Archive Kit
(Applied Biosystems); qPCR was performed on a LightCycler R©

480 II Real-Time PCR instrument (Roche), using the Maxima
SYBR Green qPCR Master Mix (Thermo Scientific) and the
primer sets listed in Table S2. Three biological replicates were
analyzed per genotype. CT values and relative expression changes
were obtained with the LightCycler R© 480 software version 1.5
(Roche) and determined by the efficiency method, where fold

change is calculated as E
CtT(C)−CtT(S)
T × E

CtR(S)−CtR(C)
R . UBQ10

(At4g05320) and ACT2 (At3g18780) were the reference genes.

β-estradiol Treatments
Phenotypic effects of TF overexpression in the TRANSPLANTA
lines (Coego et al., 2014) were tested by germinating seeds on MS
containing 10μM 17-β-estradiol (E8875, Sigma) and epidermal
inspection 6 days later. At least five plants per line were examined.
Lines showing phenotypes were tested at least twice.

Microscopy
Epidermal phenotypes were determined by DIC microscopy, as
described in Delgado et al. (2011) and Triviño et al. (2013).

Imaging of Chlorophyll-fluorescence Kinetics
Fluorescence kinetics were recorded according to Granum et al.
(2015) using an Open FluorCam FC 800-O (Photon Systems
Instruments, Brno, Czech Republic). After 30min of dark-
adaptation, plants were illuminated at 450μmol photon cm−2

s−1 for 10min, followed by a 10min relaxation period in the dark.
Saturating pulses of 2000μmol photon cm−2 s−1 and 1 s long
were given 10 s after the beginning of each period, and then every
2min. After each excitation and relaxation period, a steady-state
was reached.

Maximum quantum efficiency of PSII was calculated as
FV/FM (1 – F0/FM) where F0 and FM were the minimum and
maximum fluorescence in the dark-adapted state, respectively.
The quantum yield of PSII (�PSII) was calculated as 1 – FS/FM’,
where FS and FM’ were the fluorescence before and during
saturating pulses in the light-adapted state, respectively. Non-
photochemical quenching (NPQ) was calculated as FM/FM’ – 1.
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Each experiment was repeated four times with similar results; a
total of 10–20 plants/genotypes were sampled per experiment.

Multicolor Fluorescence Imaging
Multicolor fluorescence imaging was carried out on the adaxial
side of the leaves using an Open FluorCam FC 800-O (Photon
Systems Instruments, Brno, Czech Republic). The imaging in
blue (F440), green (F520), and red (F680) regions of the spectrum
was acquired sequentially for each sample, as described by
Granum et al. (2015). Experiments were repeated four times with
similar results; a total of 10–20 plants/genotype were sampled per
experiment.

Pigment Composition
The content on chlorophylls and xanthophylls plus carotenoids
was determined in 90% methanol extracts, as per Lichtenthaler
and Buschmann (2001).

Results and Discussion

Transcriptomes of Stomataless Mutants
To investigate gene expression profiles associated with the
developmental and physiological features of stomataless plants, a
transcriptomic analysis was performed for two mutants lacking
stomata, i.e., spch-3 and mute-3 and the wild-type, stomata-
bearing Col-0 accession. RNA from 21 dpg cotyledons was used
to hybridize Affymetrix ATH1 microarrays (see Materials and
Methods).

Transcriptomes were first analyzed for present/absent
transcripts, using the MAS5.0 algorithm to set the detection
threshold in the Affymetrix chip (Hubbell et al., 2002) and
selecting transcripts present in at least two biological replicates.
Approximately 14,000 genes were expressed in each genotype
(Col-0: 13,985; mute-3: 14,307; spch-3: 13,833), most of which
(ca. 13,000) were common to all genotypes. For almost 2000
genes, transcripts were present in only one or two genotypes.
Genes exclusively expressed in one genotype were 216 in spch-3,
383 inmute-3 and 382 in Col-0 (Figure 2A).

To determine if the experimental design allowed for detecting
genotype-characteristic transcripts, we examined the expression
of genes previously involved in stomatal development. Col-
0 cotyledons had only pavement cells and stomata, mute-
3 showed pavement cells and developing stomatal lineages,
including arrested meristemoids and spch-3 had exclusively
pavement cells. All genotypes accumulated transcripts for
ERECTA, ERL1, YDA, MKK4/5, MPK3/6, STOMAGEN and
SCREAM/ICE1, and SCREAM2, whose expression is not
exclusive of developing stomatal lineages or specific cell types.
In contrast, the genotypes differed in transcripts specific
for particular stomatal lineage cell types. For instance, only
mute-3 expressed the immature lineage markers MUTE,
EPF2, and TMM, and only Col-0 expressed the guard
cell marker gene FAMA. As expected, transcripts for all
these genes were absent in spch-3. Thus, the observed
transcriptional profiles matched the epidermal phenotypes, even
for genes expressed in cell types or stages with a very small
contribution to all cells represented in the samples. These results

FIGURE 2 | Comparative transcriptomic analysis of spch-3,mute-3,and

Col-0 cotyledons. (A) Venn diagram showing the intersection of all genes

expressed in each genotype (MAS5-present call in at least two biological

replicates in the array). (B) Genes differentially expressed in each mutant with

respect to Col-0 (LIMMA FDR < 0.05) and (C) their distribution by fold-change

difference. (D) Genes differentially expressed with a fold-change >2 or <–2 in

each mutant, compared to Col-0 and (E) Venn diagrams showing their

intersections. Transcripts correspond to three independent replicates of RNA

extracted from 21dpg cotyledons.

strongly support the experimental approach, as it discriminates
genotype-specific, low-abundance transcripts. Consequently,
these transcriptomes should also contain transcripts from
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undescribed genes expressed preferentially/exclusively in each of
the three genotypes.

Next, pairwise comparisons of gene expression levels were
conducted using LIMMA (Smyth, 2004) for a FDR < 0.05
(Figure 2B). The results showed that the number of differentially
expressed (DE) genes with respect to Col-0 was higher in spch-3
than in mute-3. The amplitude of DE (fold-change values) with
Col-0 ranged between −32 and 53 for mute-3 (corresponding
to a plant-specific protein of unknown function encoded by
At1g64360 and the transcription factor PISTILLATA), and
between −63 and 209 for spch-3 (for transcripts encoding the
cell wall protein ECS1 and PISTILLATA, respectively). In both
mutants, approximately 8% of the DE genes had absolute fold-
change values >4 and around 27% presented values between 2
and 4 (Figure 2C). Genes DE, with an absolute fold-change >2,
were 1114 inmute-3 and 1536 in spch-3 (Figure 2D and Table S3);
only a fraction of these genes were regulated in a similar manner
in the two mutants (Figure 2E).

Relative expression levels for a panel of genes in the three
genotypes was further tested by qPCR, selecting 10 genes
that in the microarray comparisons were similarly up- or
down-regulated in both mutants, compared to Col-0. The
results (Figure 3) showed that for the 10 genes, expression
tendencies were the same as estimated by the two independent
methods.

A previous microarray study involving spch-3 and other
stomatal mutants (Pillitteri et al., 2011) was designed tominimize
physiological differences among genotypes, while the present
work aimed at stressing such differences. Thus, when compared,
these studies attempt to answer different questions and are not
comparable. In the present analysis, the high number of DE
genes in the mutants might similarly reflect profound differences
in growth and physiology among wild-type and stomataless
mutant plants, and not merely their epidermal phenotypes,
which were different in the two mutants. To our knowledge, the
present study is the first to offer a description of a mute mutant
transcriptome.

General Transcriptomic Features Common to

Stomataless Mutants
We expected genes DE in spch-3 or inmute-3, with respect to Col-
0, to include those related to the physiology of stomataless plants
and to genotype- or cell type-specific trends. To characterize
these gene expression patterns, we performed a k-means cluster
analysis, using normalized values of the three biological replicates
for each genotype. For the analysis, 1797 genes were selected,
based on whether they were significantly (FDR < 0.05) up-
(>2 fold) or down-regulated (<–2 fold) in any of the mutants,
with respect to either Col-0 or between the two mutants. Z-
score transformations of the log2 expression values were used
for a k-means clustering (k = 4) (Figure 4). Genes classified
in each cluster are listed in Table S4. Clusters 1 and 2 include,
respectively, genes with higher or lower expression in the two
stomataless genotypes than in Col-0. Clusters 3 and 4 include
genes with a lower or higher expression in mute-3, with respect
to the other genotypes, thereby representing expression patterns
characteristic of mute-3. These genes may relate to epidermal

FIGURE 3 | Quantitative PCR for microarray validation. Arrays were

validated by quantitative RT-PCR for 10 genes selected from the list in Table

S3. UBIQUITIN10 and ACTIN2 served as reference genes. The fold change of

the qPCR was determined by the efficiency method (E
CtT(C)−CtT(S)
T

×

E
CtR(S)−CtR(C)
R

). The results of qPCR for spch-3 (A) and mute-3 (B) respect to

Col-0 were averaged from three independent experiments, with the error bar

indicating the standard error of the mean.

differences ofmute-3with spch-3 and Col-0 (Figure 1B), and they
are described in the sections devoted to development.

To identify biological processes similarly altered in both
mutants, we applied a gene set enrichment analysis to clusters
1 and 2 (GO database through AgriGO software). Cluster 1
analysis revealed increased transcription of genes classified in
several functional categories (Supplementary Figure S1): lipid
localization, regulation of cell size and developmental growth.
These categories include important growth regulators like PIN3,
COBRA, and BRI1. There is also an enriched group of categories
involving carbohydrate metabolic processes like polysaccharide
and glucan biosynthesis (mostly related to cell wall; see below). In
cluster 2, genes with decreased expression in stomataless mutants
belonged to three overrepresented categories (Supplementary
Figure S2), with cellular nitrogen compound metabolic process
appearing as a hub. Genes involved in the biosynthesis of
glucosinolates and glycosinolates were mostly depressed, as were
the master regulators of these pathways, MYB28, MYB29, and
MYB34 (Frerigmann and Gigolashvili, 2014). Down-regulation
of genes related to response to stimulus, e.g., chemicals, abiotic
cues, or water deprivation was also patent.
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FIGURE 4 | Cluster analysis of expression profiles for differentially

expressed genes in the three genotypes. A total of 1797 genes

significantly (FDR < 0.05) up- (>2 fold) or down (<–2 fold) regulated

in any of the mutants, with respect to Col-0 or between the two

mutants, was selected. The normalized expression values were used

to perform a k-means clustering for k = 4 (see Methods). The Y-axis

shows normalized fold-changes in gene expression and the X-axis

indicates each genotype, with the three biological replicates

independently represented. Genes classified in each cluster are listed

in Table S4.

We then identified the MapMan metabolic pathways altered
in the two mutants based on the gene sets of clusters 1 and 2.
Figure 5 represents the common up-regulated (cluster 1) genes
in red and in green, common down-regulated (cluster 2) genes
(see Figure 4 and Table S4). Almost all DE cell wall-related
transcripts cataloged in MapMan were up-regulated in spch-3
and mute-3; they encoded proteins involved in the biosynthesis
of precursors, cellulose and hemicelluloses, arabinogalactan
and proline-rich wall proteins, extensins, expansins, pectin
esterases, and other cell wall-remodeling proteins. These patterns
may reflect a potential for growth in the mutants, while
Col-0 cotyledons were terminally expanded, according to the
biological processes predominant in both mutants (Figures
S1, S2). Lipid metabolism-related DE genes were mostly
up-regulated. They included 18 genes that encode enzymes
involved in fatty-acid synthesis and elongation, e.g., acyl-carrier
proteins, acetyl-CoA carboxylases, ketoacyl-ACP synthases and
reductases, desaturases, and others. Most lipases were up-
regulated, including the membrane-anchored glycerophosphoryl
diester phosphodiesterase-like proteins SHAVEN-3 and SHV3-
LIKE 1, involved in cell wall deposition and root hair and
trichome differentiation (Hayashi et al., 2008). Both genes
are expressed during stomatal development, according to the
Arabidopsis eFP Browser (Winter et al., 2007); furthermore, a

double sha3;slv1 mutant displayed enlarged guard cells (Hayashi
et al., 2008), suggesting that both participate in stomatal-lineage
cell differentiation. Some transcripts for enzymes related to
sphingolipid synthesis were also up-regulated in both mutants.
In contrast, the five DE genes in phospholipid synthesis were
down-regulated.

Overall, the transcriptomes of stomataless mutants suggest
a depressed secondary metabolism and dampened mechanisms
for stress responses, while maintaining growth-related processes.
These trends are hardly surprising, considering that CO2

acquisition is presumably very limited in plants with no stomata.
Their extremely slow but sustained growth may as a result
monopolize most carbon and energy resources, preventing major
investments in non-essential processes.

Genes similarly regulated in both mutants, as compared
to Col-0 classified in the remaining metabolic pathways, were
mostly down-regulated and are discussed below.

Photosynthesis in Stomataless Mutants
The number of photosynthetic genes DE in both mutants
that met the filters of fold-change and statistical significance
set for the clustering was surprisingly low. However, most of
the down-regulated genes code for crucial proteins, whose
depletion should impair photosynthesis. All significant changes
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FIGURE 5 | MapMan visualization of the differences in

metabolism-related gene expression between stomataless

mutants and wild-type plants. Differentially expressed metabolic

genes classified in clusters 1 and 2 (Figure 4), and thus similarly

regulated in both mutants, were analyzed using MapMan software.

Each square represents a gene and displays a qualitative color code:

red for genes up-regulated (cluster 1) and green for those

down-regulated (cluster 2) in the mutants with respect to Col-0. Note

the pathways with predominantly up-regulated (mostly red) and

down-regulated (mostly green) genes.

in PSII corresponded to repressed genes and included those
coding for PsbB, PSBTc, PsbN, PsbQ-LIKE 1, PsbQ-LIKE
2, and PsbP-like protein 2. Other genes repressed with
various levels of significance and fold-changes were nuclear
or chloroplast genes coding for PSII protein subunits, such
as PsbO2 (a regulating subunit in the oxygen-evolving
complex), PsbH, PsbA (core protein D1), and PsbC (core
chlorophyll-binding protein). The gene encoding the PSI
reaction center subunit PsaA was repressed, as were those for
five NADH-dehydrogenase subunits (NDH-O, N, D, H, and
J). Cytochrome f was down-regulated, as was IMMUTANS,
which encodes a chloroplast alternative oxidase (Wu et al.,
1999). ATPase subunits ATPB and ATPF transcripts were
decreased. Regarding CO2 assimilation, several Calvin cycle
genes were repressed, most remarkably the chloroplast gene
rbcL encoding the large subunit of RubisCO, but also genes

encoding fructose bis-phosphate aldolase (FBA1), several
phosphoglycerate kinases and a sedoheptulose bisphosphatase.
A photorespiration-related glycolate oxidase was also
down-regulated.

This transcriptional profile shared by the two mutants
suggests impaired photosynthetic light reactions, low production
of reducing power and ATP and depressed carbon assimilation,
as expected of plants lacking stomata. However, chloroplasts do
not seem dysfunctional in these mutants. Some genes related to
tetrapyrrole metabolism, as well as GUN4, which couples nuclear
gene transcription to chloroplast status (Larkin et al., 2003),
were up-regulated. Several antenna protein subunits were also
up-regulated, although with differences not always statistically
significant. Therefore, the down-regulation in spch-3 and mute-
3 of photosynthesis-related genes seems to be specific and not the
result of general chloroplast dysfunctions. It is also possible that
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FIGURE 6 | Photosynthetic parameters and pigments in wild-type

and stomataless mutants. Left panel: photosynthesis parameters

calculated by quenching analysis of chlorophyll fluorescence in 21-day-old

plants (A) and after 4 days acclimation to soil (B). Right panel: total

chlorophyll content (ChlT(C)), Chl a/b ratio (D), carotenoids and

xanthophylls (C+X (E)), and carotenoids and xanthophylls over total

chlorophyll content (F) in Col-0, spch-3, and mute-3 plants after

adaptation to soil. Error bars are SE. All pairwise differences were

statistically significant in a Student t-test (N = 10; T-test p-value < 0.038),

except NPQ differences between spch-3 and Col-0 in (A).

many genes in this category did not change their transcription,
but that the corresponding proteins were more or less abundant
or active in the mutants due to differences in post-transcriptional
regulation.

The physiological impact of the observed transcriptional
changes for photosynthesis-related genes was examined in vivo
by quenching analysis of chlorophyll fluorescence. Kinetic
analyses of the red fluorescence emitted by chlorophyll
estimated photosynthetic efficiency, as well as mechanisms of
energy dissipation indicative of stress. For these experiments,
we tested plants grown in vitro for 21 days (as in the
microarray experiments) or plants adapted to soil for 4 extra
days. Figures 6A,B show that spch-3 and mute-3 displayed a
statistically significant decrease in Fv/Fm compared to Col-
0, indicating a dysfunction of the photosynthetic machinery.
Both mutants also showed low values for PSII quantum yield
(�PSII) relative to wild-type plants, suggesting an inhibition
of photosynthetic electron transport. The decrease in �PSII

was associated with a larger capacity for energy dissipation
(measured as non-photochemical quenching, NPQ) typical of
stress conditions and a higher proclivity for photoinhibition, as
shown by the higher irreversible NPQ (NPQi). We observed
similar trends in 7 dpg cotyledons, although only differences in
Fv/Fm were statistically significant (not shown).

These results are consistent with a retroinhibition of the
thylakoid electron transport chain, perhaps due to limiting
concentrations of internal CO2, which inhibit the Calvin

cycle. The strong down-regulation of rbcL transcripts and the
repression of genes coding for subunits of PSII and other
complexes of the electron transport chain also support this
interpretation.

Relative content of chlorophylls (Chl) a and b and accessory
pigments (carotenoids and xanthophylls, C + X) were measured
in leaf extracts (Figures 6C–F). As expected due to their
pale phenotypes, both mutants had a reduced content of all
photosynthetic pigments on a fresh weight basis, compared to
Col-0. Chl a/b ratios were significantly reduced, while C+X/Chl
ratios increased. These results suggest that pigment composition
of the photosynthetic complexes I and II, most of which reside
in their antenna complexes, is altered in the mutants. The
decrease in Chl a/b ratio is compatible with an increase in
the proportion of antenna complexes/reaction centers, suggested
by the transcriptomic data. DE transcripts in the category
antenna proteins had many up-regulated genes (six genes vs. one
repressed, all significant and close to the fold-change threshold).
The opposite occurred for reaction centres, with five down-
regulated genes (all from PSII). The low chlorophyll content in
the mutants explains the decrease in the intensity of fluorescence
observed in the far-red region (F740) (Figure 7). Alterations in
the intensity of red fluorescence (F680)may stem from changes in
the Chl a/b ratio in the mutants. Thus, both chlorophyll content
and photosynthetic efficiency estimations were those expected
from the transcriptomic profiling of the two stomataless mutants
and suggested depressed, albeit not null, photosynthetic activity.
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FIGURE 7 | Multicolor fluorescence in the three genotypes. Relative

fluorescence as a percentage of Col-0 in the blue (F440), green (F520), red

(F680), and far red (F740) regions of the spectrum for 21-day-old plants (A)

and after 4 days acclimation to soil (B). Error bars are SE. All pairwise

differences were statistically significant in a Student t-test (N = 10; T-test

p-value = 3.74 E-07).

In the present work, plants grew in a sucrose-supplemented
medium (see Materials and Methods). Sucrose appears to be
taken-up and used by the mutants, as suggested by increased
transcripts for the phloem unloading sucrose transporter
ATSUT2 (Ayre, 2011) and the degradative invertase CINV1
(Barratt et al., 2009). The activation of glycolysis, suggested by
the up-regulation of genes coding for plastidic and cytosolic
pyruvate kinase subunits, as well as other enzymes from the PPO
and TCA cycles may contribute to plant growth. Transcripts for
fermentative enzymes were, however, down-regulated. The fact
that spch-3 and mute-3 can to some extent grow in soil also
indicates that they do perform photosynthesis, perhaps helped
by more active carbonic anhydrases, as well as a modified cuticle
that might be more permeable to CO2. However, growth was
much more extensive (notably formute-3) in sucrose-containing
medium.

The dwarf spch-3 and mute-3 phenotypes, when growing on
sucrose, may reflect other physiological constraints for growth
without stomata. These possible constraints include, e.g., limited
O2, depressed transpiration hindering nutrient and water root
uptake, as well as evaporative cooling or the accumulation of
volatile hormones or metabolites. In spch-3, there are very limited
epidermal cell divisions (as stomatal lineages that contribute

to epidermal cell numbers are absent). This fact might impose
another constraint for growth and explain why dwarfism is more
drastic in spch-3 than inmute-3.

Nitrogen, Sulfur, and Secondary Metabolisms
DE genes related to the assimilation of sulfur (such as those
coding for one APS and two APS-Kinases) and nitrogen
(those coding for GLU and GLN-synthases and two nitrate
transporters) were all down-regulated in spch-3 andmute-3. Both
mutants displayed repression of all 26 DE genes involved in
glucosinolate metabolism, 19 of which are in the biosynthetic
pathway. Glucosinolates are nitrogen and sulfur-rich secondary
metabolites, whose accumulation depends on sulfur status (Falk
et al., 2007). Previous metabolite and transcript profiling revealed
coordinated repression of most glucosinolate-related genes in
response to sulfate limitation (Hirai et al., 2005). Also repressed
were three out of the four DE genes related to N-containing
alkaloids. Given the depressed photosynthetic capacity, which
might limit reducing power and ATP needed for N and S
metabolisms, this behavior was not surprising. In contrast,
EXORDIUM-LIKE (EXL) genes EXO, EXL1, EXL3, EXL4, and
EXL5, which promote growth during low C and energy supply
(Schroder et al., 2011) were up-regulated. Also induced was
ASN1, whose overexpression increases plant fitness under N-
limiting conditions (Lam et al., 2003) and is triggered by sugar
starvation (Baena-Gonzalez et al., 2007) and photosynthesis
inhibitors (Fujiki et al., 2001). These trends suggest acclimation
of stomataless mutants to low carbon, reduced intermediate
metabolites and energy-limiting growth conditions. DE genes
related to starch metabolism (two degradative amylases and one
starch synthase) were down-regulated; sucrose synthesis was also
depressed, while CINV1, a cytosolic invertase related to sucrose
degradation, was induced.

Most DE genes in the phenylpropanoid biosynthetic pathway
such as those involved in lignin and lignane synthesis (4CL5,
4CL2, ELI3-1, OMTF3 y CAD5) were repressed, with the
exception of the laccase-encoding gene LAC8. Flavonoid-related
genes showed heterogeneous behavior. While most genes related
to secondary metabolism were repressed in the mutants, some
were up-regulated, notably some involved in the biosynthesis of
chalcones, isoflavones, or anthocianins. For instance, a putative
isoflavone reductase (At1g19540) showed strong induction.
Many sterol/brassinosteroids biosynthetic genes, such as SQE1,
SMT3, and DWF7 were up-regulated. The mevalonate route,
involved in carotenoid synthesis, showed induced genes, notably
those encoding two mevalonate diphosphate decarboxylases,
which promote accumulation of the carotenoid precursor
isopentenil pirophosphate. To determine if the mutants were
accumulating some end products of these pathways, we
performed multicolor fluorescence analysis and found that the
two mutants had an increased blue and green autofluorescence
(Figure 7).

According to the transcriptomic data, the compounds
responsible for this increase may be carotenoids and
anthocyanins, and perhaps chalcones. Although phenols
also fluoresce in this spectrum, their biosynthetic pathways are
down-regulated and as such, they are improbable contributors
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to the observed fluorescence increases. The notion that the
mutants differentially accumulate photoprotective compounds
fits with their accessory photosynthetic pigment composition
(Figures 6E,F), as well as their high NPQ and NPQi values
(Figures 6A,B). An acclimation to the photoinhibitory
conditions resulting from the inhibition of photosynthesis
in both mutants may explain the accumulation of auxiliary
pigments. This accumulation of putative photoprotective
pigments and a depressed N and S metabolism are the most
notable features of a secondarymetabolism in the two stomataless
genotypes.

Growth and Development in the Absence of

Stomata
In agreement with the analysis of biological processes (Figures
S1 and S2), MapMan found that DE genes in clusters 1 and
2, commonly regulated in both mutants (Tables S3 and S4),
appeared in several development and growth-related categories,
including genes involved in cell division and expansion. For
instance, genes coding for the cyclin-dependent kinase CYCP1
and a cyclin-related protein (At2g41830), both with unknown
functions, were up-regulated, as was the endoreplication factor
FZR2 (FIZZY-RELATED 2). Genes for DNA synthesis encoding
a telomere-binding protein, several histones or a putative
helicase, as well as most genes encoding cytoskeleton and
vesicle transport proteins also showed induction. The transcript
with the highest induction in both mutants corresponded to
PISTILLATA. Initially described as a flower-specific transcription
factor, recent data available at the eFP Browser database (Winter
et al., 2007) indicate that PISTILLATA is also expressed in other
developmental contexts. These include the quiescent centre, the
cellularized seed endosperm, root xylem pole pericycle cells
in NPA-treated seedlings, endodermis and columella/root cap
under low pH and trichomes of gl3-sst mutants. In 5-day-old
spch-3 seedlings, Pillitteri et al. (2011) also found abundant
PISTILLATA transcripts. The reasons for its over-accumulation
in spch-3 and mute-3 and its possible consequences remain
unexplained.

Next, genes in clusters 3 and 4 were analyzed. These were
DE in mute-3 respect to Col-0 and spch-3, and may be
characteristic of an epidermis containing developing stomatal
lineages absent in the two other genotypes. Using gene set
enrichment analysis (GO database through AgriGO software)
we identified overrepresented biological processes. Inspection
of cluster 3 revealed features similar to cluster 2; this was
not informative regarding developmental aspects of mute-3. In
cluster 4 (Supplementary Figure S3), as expected, very few genes
corresponded to metabolic pathways, stress or cell wall, as mute-
3 shared most of them with spch-3. Both mutants also shared
most of the DE genes classified in the category Development
(as described above; Figures S1 and S2), with some notable
exceptions: TMM, a marker specific for developing stomatal
lineages (Nadeau and Sack, 2002) was present in cluster 4, as
was PDF1, specific for the developing epidermis (Abe et al.,
1999). Several RNA-related genes were present in this cluster,
including SCZ, a meristemoid-specific transcription factor in
aerial organs (Pillitteri et al., 2011). Previous work (Pillitteri et al.,

2011) using a severe “meristemoid-only” double mutant (scrm-
D;mute), which had one cell type similar to those present inmute-
3, overlapped only in 24 transcripts with cluster 4. In addition to
the important epidermal differences between mute-3 and scrm-
D;mute, growth conditions and age differed between Pillitteri
et al. (2011) and the present work; hence, the limited overlap of
the two transcriptomes was not surprising. We also investigated
whether cluster 4 might include genes previously identified as
putatively regulated by SPCH (Lau et al., 2014), since SPCH is
necessary for the development of the stomatal lineages present
in mute-3. For doing so, we compared the 1274 high-confidence
SPCH targets represented in the ATH1 array with the 111 genes
classified in cluster 4. Results identified 36.9% (41) of the genes
characteristic of mute-3 as putative SPCH targets, a proportion
much higher than the expected 5.6% by random hits. Therefore,
cluster 4 showed highly significant enrichment in genes that
might be under direct SPCH regulation.

In this analysis, we also found genes not previously involved
in stomatal development. Some examples are BAM2, encoding a
CLAVATA1-related receptor kinase-like protein, which is needed
for cell fate specification in meristems (Deyoung and Clark,
2008), as well as CLE17, which encodes a putative extracellular
peptide similar to CLV3 (Meng and Feldman, 2010). Also
induced in mute-3 were TCP3, involved in heterochronic leaf
development (Koyama et al., 2007) and NAC35/LOV1 (LONG
VEGETATIVE PHASE1). We found that LOV1 co-expressed with
the GC genes FAMA, KAT2, and MYB60 (in ATTED, Obayashi
et al., 2007), and was expressed in GCs (Leonhardt et al., 2004).
EDA17, which will be described below, was found in this cluster.
These data enforce the potential of cluster 4 as a source of novel
genes involved in stomatal lineage development.

Loss-of-function of Genes Differentially

Expressed in the Mutants
We selected a set of 24 DE genes in spch-3 and/or mute-
3 compared to Col-0 to inspect the phenotypic effects of
their loss-of-function (Table S1). For three genes (LOV1,
SOL1, and PI), promoter::reporter fusions were also tested in
wild-type plants. Cotyledons of 5 and 10 dpg seedlings from
homozygous T-DNA insertion lines were inspected for stomatal
and pavement cell morphology, size, and spatial pattern. Only
one of these mutants, carrying a T-DNA insertion in EDA17,
had an epidermal phenotype; its stomatal index (proportion of
epidermal cells that are stomata) was reduced to half that of
Col-0 (Supplementary Figure S4). EDA17 was originally named
HOTHEAD (HTH) by Krolikowski et al. (2003), because loss-
of function mutants in this locus showed floral organ fusion.
The line we used (SALK_024611) carried an insertion in the
middle of the predicted third exon (Supplementary Figure S4)
and was reported by Peng et al. (2006) as displaying the
hth phenotype; therefore, it is considered a loss-of-function
mutant. In our seed stock, we observed the reported floral organ
fusion phenotype and the reduced fertility that characterizes hth
mutants.

As EDA17 transcripts accumulate specifically in mute-3 and
not in Col-0 or spch-3, EDA17 may be associated with developing
stomatal lineage cell types. This hypothesis is supported by

Frontiers in Plant Science | www.frontiersin.org 10 June 2015 | Volume 6 | Article 456

50



de Marcos et al. Transcriptomes of stomataless Arabidopsis mutants

differential accumulation of EDA17 transcripts in the “only
meristemoids” scrm-D;mute mutant (Pillitteri et al., 2011).
EDA17 is involved in the biosynthesis of cuticular, very long-
chain fatty acids (Kurdyukov et al., 2006). Since other cuticle- and
epidermal wax-defective mutants display stomata pattern defects
(Holroyd et al., 2002), further work on EDA17 may strengthen
the intriguing connection between cuticle composition and
stomata development.

Conditional Overexpression of Genes

Differentially Expressed in spch-3 and/or mute-3
The suit of genes DE in spch-3 and/or mute-3 includes 158
transcription factors (TFs) listed in the Agris and/or PlantTFDB
databases (Yilmaz et al., 2011; Jin et al., 2014), which are
candidates for playing key roles in the developmental and
metabolic phenotypes of the mutants. Several of the T-DNA
lines we inspected corresponded to TFs; however, their loss-of-
function rendered no epidermal phenotypes. Arabidopsis TFs
often belong to gene families with partially redundant members;
it is therefore common that loss-of-function alleles fail to provide
informative phenotypes and their ectopic overexpression is used
instead to hint at their putative roles. A drawback of this
strategy is that it often renders deleterious phenotypes, including
early lethality, which conditional overexpression systems can
overcome. To examine the possible involvement of TF that
were DE in the mutants, we inspected 322 transgenic lines
that conditionally overexpressed 128 different TFs (Table S5).
Among them, 194 lines corresponded to 76 TFs that were
DE in spch-3 and/or mute-3, while the remaining were their

paralogues, or showed a tendency to differential expression close
to statistical significance. In these lines, β-estradiol induced TF
overexpression (Coego et al., 2014). Figure 8A shows a diagram
of the construct used for obtaining these lines, which we termed
iTFoe (inducible TF overexpressor).

For each TF-coding gene, seeds from 4 to 1 independent lines
were plated on a β-estradiol-containing medium and epidermal
phenotypes were inspected in 6 dpg seedlings. iFAMAoe and
iMUTEoe control plants rendered the expected phenotypes
(Triviño et al., 2013) with all epidermal cells transformed in
guard cells or in stomata, respectively. Overexpression of 19 TFs
lead to abnormal epidermal phenotypes in all or some of the
independent lines. The most recurrent effects were on stomatal
density (number of stomata per area unit) and spacing (number
of non-stomatal cells between nearest stomata), and in non-
stomatal cell shape/size (Table S5).

Figure 8B shows a representative selection of these
phenotypes. Overexpression of two R2R3 MYB proteins,
MYB74 and MYB34, related to ABA responses (Xin et al., 2005)
and IAA synthesis (Celenza et al., 2005), respectively, produced
stomatal clusters in otherwise normal seedlings. iMYB74oe also
had abnormal non-stomatal cells, with frequent giant rounded
cells and small-cell patches in rosette arrays. Recently, ABA was
identified as being involved in stomata development (Tanaka
et al., 2013), a link that our results with iMYB74oe support.
MYB34/ATR regulates the tryptophan pathway and modulates
IAA levels, and its transcription is induced by cytokinins (Jones
et al., 2010). As it is also involved in indol-glucosinolates
homeostasis, MYB34/ATR1 impinges in both primary and

FIGURE 8 | Conditional overexpression of transcription factors

differentially expressed in spch-3 or mute-3 transcriptomes. (A)

Diagram of the construct on pMDC7 used for generating the TRANSPLANTA

lines for β-estradiol-inducible overexpression. LB, RB: left and right T-DNA

borders. G10-90: artificial constitutive promoter. XVE: chimeric transcription

factor activated by β-estradiol. OlexA-46: promoter recognized by activated

XVE. cDNA TF: coding sequence for the different transcription factors. T3A:

sequence for gateway cloning. For more details, see Coego et al. (2014). (B)

Phenotypic effects of overexpression for selected TF. DIC micrographs of

cotyledon abaxial epidermis in seedlings of the indicated genotypes (iTFoe

and wild-type) grown for 6 days in β-estradiol plates. For each genotype, two

representative fields are shown. Bar, 20μm.
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secondary metabolism (Malitsky et al., 2008), and stomatal
clusters in iMYB34oe might relate to any of these processes.
Overexpression of ATHB22, a homeobox-zip TF of unknown
function expressed in seedlings and siliques, triggered a strong
epidermal phenotype with occasional clusters, frequent unpaired
GCs and atypical pavement cell divisions; seedling morphology
was normal. The extra cell divisions were not observed if
overexpression was induced at 4 dpg, but stomata clusters still
formed (not shown), indicating that ATHB22 produces distinct
effects in the protodermis and in the developing epidermis. TNY
is a NAC-domain protein, whose overexpression renders dwarf
plants that accumulate transcripts from DRE- and ERE-driven
genes (Sun et al., 2008). A gain-of-function allele with increased
TNY expression also showed abnormal epidermal cells (Wilson
et al., 1996). β-estradiol treatment of iTNYoe induced a very
strong phenotype that included severe dwarfism and a very
disturbed epidermis, with stomatal clusters and elongated,
un-lobed non-stomatal cells.

These and similar results with other TRANSPLANTA
overexpressing lines are the first indication that TFs selected by
their differential expression in stomataless mutants may be novel
players in stomatal and epidermal development gene circuits.

Conclusions

1. Transcriptomic analysis of expanded cotyledons from two
Arabidopsis mutants lacking stomata identified sets of genes
commonly regulated in both mutants compared to the
wild-type, as well as genotype-specific DE genes. Each
genotype expressed diagnostic genes related to stomata
development and/or restricted to specific cell stages that
matched its distinctive epidermal phenotype. The microarray
data (confirmed by qPCR) showed that low abundance,
genotype-specific transcripts were detectable in our samples.
Hence, our unbiased transcriptomic analysis should also
identify novel genes with the potential for explaining the
developmental and physiological features of stomataless
plants.

2. A set of genes commonly down-regulated in spch-3 and
mute-3 suggest that cotyledons lacking stomata had

depressed S, N, and secondary metabolisms. In contrast,
only a few photosynthesis-related genes showed significant
down-regulation, though they coded for crucial proteins.
Chlorophyll fluorescence imaging revealed that the mutants
maintained a depressed but not negligible photosynthesis.
This, as well as the transcriptomic data suggestive of
chloroplast functionality, indicates that stomataless plants can
indeed perform some photosynthesis, which may be related
to their (limited) capacity for growth in soil.

3. Both mutants expressed genes indicative of potential for
growth at a time (21 dpg) when Col-0 cotyledons did not.
Several genes differentially up-regulated in mute-3 were also
identified; these included some high-confidence SPCH targets,
as well as development-related genes exclusive to this mutant,
which are new candidates for exploring stomatal lineage cell
types absent in the other two genotypes.

4. A selection of development-related genes DE in one or the two
mutants was examined for epidermal phenotypes associated
with their loss-of-function, using T-DNA insertion lines. Of
the 24 insertion mutant genes examined, one rendered an
epidermal phenotype, leading to the identification of EDA17
as a new candidate gene involved in stomata development.
Conditional overexpression of 19 transcription factors that
were DE in the mutants induced altered stomatal phenotypes,
suggesting functional roles for these novel transcription
factors in stomatal or epidermal differentiation.
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CHAPTER TWO





Identification  and  functional  characterization  of  the  
hypomorphic mutant spch‐5 altered in the bHLH domain 

Abstract 

The abundance and spatial distribution of stomata in the aerial organs of plants are set through 

a genetic program  influenced by  environmental and physiological  factors. A wealth of genes  

involved in stomata development have been identified in Arabidopsis thaliana. Among them is 

SPEECHLESS  (SPCH),  which  encodes  a  bHLH‐type  transcription  factor,  necessary  for  the  

asymmetric cell divisions creating the stomatal lineages that ultimately produce stomata. The 

first division of protodermal cells that initiates lineages, the subsequent divisions extending cell 

numbers in the lineages and the spacing divisions that originate secondary or satellite lineages, 

require  SPCH.  Consequently,  mutants  lacking  SPCH  function  do  not  produce  stomata  nor  

lineages. We isolated a weak allele, spch‐5, which renders wealthy plants but with an extremely 

low number of stomata that, in addition, appear often in contact. In vivo tracking of epidermal 

cell divisions and examination of marker  lines show that the spch‐5 phenotype results from a 

decreased ability to  initiate and progress  lineages, a defective asymmetric allocation of fates 

after  divisions  and  improper  orientation  of  these  divisions  between  and  within  lineages.  

However, growth on a brassinosteroid‐rich medium allow the mutant to achieve wild‐type‐like 

phenotypes in terms of stomatal production and patterning. That suggests that brassinosteroids 

allow SPCH‐5 to overcome its functional limitations. To unravel the molecular basis of the spch‐

5 phenotype and study the mechanisms involved in its brassinosteroid‐dependent phenotypic 

rescue, we performed transcriptomic analysis. Using this approach, we found that EPIDERMAL 

PATTERNING  FACTOR  2  exhibits  expression  levels  under  functional  thresholds,  as  well  as  

BREAKING  OF  ASYMMETRY  IN  THE  STOMATAL  LINEAGE.  The  latter  was  confirmed  to  be 

necessary  for brassinosteroid‐dependent alleviation of stomatal clusters. Since  the predicted 

SPCH‐5  protein  carries  an  amino  acid  substitution  that  may  interfere  with  DNA  binding,  our  

results  could  inform  about  distinct  SPCH  functions  that  may  or  not  involve  its  DNA  binding 

activity. 
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Introduction 

In  terrestrial plants,  stomata  connect  the  atmosphere and  the  inner  tissues of  aerial organs, 

allowing CO2  capture, what  it  is vital  for photosynthesis. Stomata also play a  role  in avoiding 

excessive water while capturing CO2, in cooling the leaves or promoting in soil nutrient uptake 

and  transport  (Raven, 2002). Their abundance and pattern are set  through a genetic program 

that has gradually revealed as more and more complex, as well as influenced by environmental 

and physiological factors (Dow et al., 2014a; Dow et al., 2014b).  

A  wealth  of  genes  involved  in  stomata  development  have  been  identified  in  Arabidopsis 

thaliana  (Arabidopsis  hereafter). Our current understanding  of the  process  involves signalling 

peptides  that  render  both  positive  and  negative  downstream  effects  (Torii,  2015).  The  

peptides  are  perceived by a set of dimeric receptorsomes containing several combinations of 

receptor‐like  kinases  (RLKs)  and  TOO  MANY  MOUTHS  (TMM),  a  receptor‐like  protein  that 

lacks  the  kinase domain  (Meng  et  al.,  2015).  The  signal  is  sent  through  a  mitogen‐

activated  protein  kinase  (MAPK)   phosphorylation   cascade   led   by   the   mitogen‐activated  

protein  kinase  kinase  kinase YODA  that  finally  impinges  in  the  activity  of  three  related  

bHLH‐type  transcription  factors  (Lampard  et  al.,  2009;  Meng  et  al.,  2015).    These  are 

SPEECHLESS, MUTE and FAMA and they act as  positive  drivers  of  cell  fate  decisions  from  

the  initiation  of  stomatal  lineages  to  their  completion  with  the  formation  of  two  guard  

cells  (Pillitteri  and  Torii,  2007).  To  exert  their function,  these  proteins  need  to  cooperate  

with  the  bHLHs  ICE1/SCREAM1  and  SCREAM2  (Kanaoka et al., 2008). The first bHLH acting in 

the process  is  SPEECHLESS  (SPCH),  crucial  for  the  asymmetric  cell  divisions  in  the  aerial  

epidermis  that  create  the  stomatal  lineages,  which  eventually produce stomata  (MacAlister 

et  al.,  2007).  SPCH  is  involved  in  entry,  amplification  and  spacing  divisions  and  its 

postrancriptional  regulation  through  the MAPK  cascade  is  known  (MacAlister  et  al.,  2007;  

Lampard  et  al.,  2008).  The  stability  of  the  protein  is  influenced  by  brassinosteroids, both via 

this MAPK  cascade  (Kim  et  al.,  2012;  Khan  et  al.,  2013)  and  through  an  independent  BIN2‐

mediated  pathway  (Gudesblat  et  al.,  2012b).  Recently,  combining  ChIP‐seq  and 

transcriptomics, a number of genes regulated directly by SPCH have been described (Lau et al., 

2014),  but  to  date  no  direct  DNA  binding  for  SPCH  alone  or with  other  partners  has  been 

demonstrated. The central role played by SPCH  in stomata development has been stressed by 

recent  models  proposing  that  SPCH  creates  positive  feedback  loops  with  ICE1,  EPIDERMAL 
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PATTERNING FACTOR 2 (EPF2) and TMM, being the receptor ERECTA outside the loop (Horst et 

al., 2015).  In  this  loop, EPF2 would act buffering  the positive  feedback  circuit of  SPCH/ICE1 

heterodimers. The high diffusivity of EPF2 would spread  lateral  inhibitory effects to neighbor 

cells around stomatal precursors, guaranteeing strictly  localized SPCH accumulation  (Horst et 

al., 2015). 

Although there is an increasing molecular and genetic information about stomatal development 

in general and about SPCH in particular, the detailed developmental processes and mechanisms 

involving SPCH are poorly characterized as yet, partly because mutants lacking SPCH function do 

not produce stomata nor lineages. It is known that both the first entry division of protodermal 

cells that initiates stomatal lineages, the subsequent amplifying divisions extending cell numbers 

in  the  lineages  (and  thus  in  the  leaf  epidermis)  and  the  spacing  divisions  that  prevent  the 

differentiation of  stomata  in  contact,  require  SPCH  function  (MacAlister  et  al.,  2007).  SPCH 

involvement in amplification and spacing asymmetric divisions has been proposed thanks to the 

study of the weak allele spch‐2, highlighting the potential of using this kind of non‐null mutants 

to  discover  gene  functions.  All  the  divisions  where  SPCH  is  involved  are  asymmetric,  and 

asymmetric behavior during stomatal lineage divisions depends on BASL function. This scaffold 

protein is polarly localized and recruits components of the MAPK cascade for SPCH inactivation 

to  specific  subcellular  locations  (see  the General  Introduction of  this  Thesis). BASL  function 

permits proper asymmetric segregation of cell fates during stomatal lineage divisions.  

In this work, we have isolated and characterized a hypomorphic SPCH allele, spch‐5. This mutant 

is the first allele reported to carry a mutation within the bHLH domain of the protein, and  it 

displays several aberrations during  the biogenesis of  the stomata. These aberrations  include 

changes  in stomatal and epidermal cell production and patterning,  increase of pavement cell 

size, lack of physical and fate asymmetry in the stomatal lineage divisions, mis‐orientation of the 

division planes and widespread transcriptional changes, among others. We also show that the 

spch‐5 mutant  is useful  to understand  the  effect  s of brassinosteroids on  SPCH. Combining 

genetic,  biochemical  and  transcriptomic  approaches  we  obtained  evidences  hinting  at  the 

possible molecular  components  and mechanisms  involved  in  the  production  of  the  spch‐5 

phenotype. The information obtained in this study will serve as inspiration for further work. 

Materials and Methods 

Plant material and growth conditions  

Arabidopsis  thaliana  Col‐0  (N1092),  spch‐3  (SAIL_36_B06),  epf1‐1  (SALK_137549),  epf2‐3 

(SALK_047918), basl‐2  (WiscDsLox264F02) and  yoda‐10  (SALK_105078)  seeds were obtained 
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from  the  Nottingham  Arabidopsis  Stock  Centre.  sdd1‐3  and  mute‐3  were  isolated  in  our 

laboratory and described in Delgado et al. (2012); and Triviño et al. (2013), respectively. tmm‐1 

and TMMpro::GUS‐GFP seeds were a kindly gift of Fred Sack (The University of British Columbia) 

and  are  described  in  Nadeau  and  Sack  (2002).  spch‐2  seeds were  generously  provided  by 

Dominique  Bergmann  (Stanford  University)  and  are  described  in MacAlister  et  al.  (2007). 

SPCHpro::SPCH‐GFP (spch‐3 background) was a gift from Eugenia Russinova (VIB, Ghent) and is 

described  by Gudesblat  et  al.  (2012b).  spch‐5 was  isolated  from  a  Col‐0  EMS‐mutagenized 

collection and it carries a point mutation that will be described below (this work). Lines carrying 

the translational fusions SPCHpro::SPCH‐GFP, SPCHpro::SPCH‐5‐GFP and SPCHpro::SPCHPPP‐GFP 

were produced by  the  floral dip Agrobacterium‐mediated  transformation  (Clough  and Bent, 

1998) of plants heterozygous for the spch‐3 allele or homozygous spch‐5 plants. 

The following double mutants were generated for this study: spch‐5;yoda‐10, spch‐5;mute‐3, 

spch‐5;epf2‐3,  spch‐5;basl‐2  and  the  trans‐heterozygous mutant  spch‐5/spch‐3. Marker  line 

carrying  the  fusion  TMMpro::GUS‐GFP  in  a  Col‐0  background  was  used  to  introduce  the 

transgene into spch‐5 and spch‐5;mute‐3 double mutant through sexual crosses.  

All experiments were carried out in in vitro conditions, unless otherwise indicated. Seeds were 

surface‐sterilized using overnight exposure to chlorine gas (Clough and Bent, 1998) and sowed 

in MS medium supplemented with 1% sucrose. After a 2‐5 days stratification period at 4ºC in 

the  dark,  plates  were  placed  at  21ºC  and  16‐h  light  photoperiod  with  70  µmol m‐2  s‐1  of 

photosynthetically active radiation (PAR). When indicated, brassinolide (BL;  Sigma‐Aldrich Cat. 

No. E1641) was added to the medium at a final concentration of 50 nM. For soil experiments, 

seeds were stratified at 4ºC for 2‐5 days in the dark and sowed in Jiffy‐7® peat pellets. Growth 

conditions were 21ºC, 70% relative humidity and 150 µmol m‐2 s‐1 PAR.  

Genotypes were determined by PCR using dCAPS or T‐DNA genotyping approaches, with  the 

primers listed in Supplementary Table ST12.  

Microscopy 

 

DIC  images: Organs were hand‐excised and fixed  in ethanol:acetic acid 9:1 (v/v) for 16 hours. 

Then,  this  fixation  solution was  replaced by 90% ethanol. Rehydration was performed using 

ethanol dilutions with increasing water content: 70%, 50%, 30% and 10% ethanol respectively, 

and pure distilled water in a final step. All these incubations were done at room temperature 

and for one hour each. Finally, to clear the tissue, chloral hydrate:glycerol:water solution (8:1:2, 

w/v/v) was used. Once cleared, specimens were mounted in microscopy slides with the same 

60



clearing solution and observed under a Nikon Eclipse 90i upright microscope using DIC optics 

and a DXM1200C camera for image acquisition. 

Confocal  images:  A  Leica®  TCS  SP2  confocal  inverted  microscope  was  used  for  GFP  and 

Propidium  Iodide  (PI) visualization. PI solution  (Sigma‐Aldrich® P4864) was diluted  in distilled 

water at a final concentration of 10 µg/mL and plants were submerged for 15 minutes for the 

counterstain of epidermal cell shapes. 

 

Quantitative analysis of epidermal phenotypes 

Stomatal Index (SI; number of stomata/total number of epidermal cells x 100), Stomatal Density 

(SD; number of stomata per mm2) and Pavement Cell Density (PCD; number of pavement cells 

per mm2) were calculated  scoring two areas of 0.4 mm2 located at both sides of the median axis 

of the cotyledon or leaf (modified from Delgado et al., 2011) . The ImageJ (Schneider et al., 2012) 

plugins  “cell  counter”  and  “grid”  were  used  for  counting  the  different  cell  types.  Unless 

otherwise  specified,  10  plants were  examined  (n=10)  for  quantitative  traits,  inspecting  the 

adaxial and/or the abaxial epidermis of 23 days‐old cotyledons or 28‐days‐old third leaves. 23 

and 28 days correspond to fully expanded stages of these organs in our conditions. Organ area 

and pavement cell size was measured at these fully expanded stages using ImageJ (Schneider et 

al., 2012). 

The time‐course experiment using serial imprints shown in Fig. 5 were conducted as reported in 

de Marcos  et  al.  (2016).  In  summary,  12  days  after  sowing,  the  third‐leaf  primordium was 

imprinted  using  dental  resin,  corresponding  to  0h,  T0.  At  24  hours’  intervals,  subsequent 

imprints of the same region were conducted (from 24h to 120h; corresponding to T1 through 

T4). 50 cells from T0 and all their derivatives were followed at the sequential time points to score 

different parameters. Nail polish  replicas of  the  imprints were photographed under a Nikon 

Eclipse  90i  microscope  using  DIC  optics.  We  use  the  term  stomatal  precursors  to  name 

meristemoids and GMC, which were identified according to morphology and to their fate in later 

time stages. Entry division percentage was calculated as the number of the initial 50 cells that 

enter  the  stomatal  lineage  during  the  T0‐T4  period.  Entry  division  rate  correspond  to  the 

increment in the number of entry divisions per day interval. SLGCs/lineage is the estimation of 

the number of non‐stomatal lineage cells per stomata or stomata precursor at T4. In the total 

cell quantification, cells were counted on each time point (stomata were counted as 2 cells as 

they  are  formed  by  two  guard  cells).  Using  total  cell  numbers,  cell  proliferation  rate was 

calculated  as  the  increase  in  cell  number  over  the  different  time  intervals.  For  cluster 
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classification, 128 clusters from 7 plants were  inspected. Clusters present at T4 were tracked 

backwards  in  the previous  imprints  to  reconstruct  the  cell divisions history  that  lead  to  the 

development of stomata in contact.  

Relative meristemoid size in Fig. 7G was calculated using 61 lineages from 5 different plants in 

Col‐0 and 70 lineages from 7 plants in spch‐5. Cell area of daughter cells was determined in cells 

expressing  the  TMMpro::GFP marker.  For  spch‐5,  relative meristemoid  size  in  Fig.  7H was 

measured in serial epidermal imprints tracking back 54 isolated stomata from 4 different plants 

and  55  type  I  clustered  stomata  from  7  spch‐5  plants.  Cell  contours were  drawn  using  the 

interactive display Wacom Cintiq® 21UX. Cell and organ areas were measured using  imageJ 

(Schneider et al., 2012). Clustering percentage was calculated as the proportion of stomata in 

clusters (two or more stomata in contact) to the total stomata. 
 

Positional cloning and molecular characterization of spch‐5 

Genomic location of the mutation was conducted by linkage analysis as described in Ponce et al. 

(2006), using the F2 progeny of a cross between the mutant (Col‐0 background) and LER.  After 

low‐resolution mapping with 32 polymorphic markers of 50  F2 plants displaying  the mutant 

phenotype, the causal gene was located to a small genomic interval that encompassed the SPCH 

locus.  

SPCH genomic sequencing was conducted using total DNA extracted with Qiagen DNeasy Plant 

Mini Kit (Cat. No. 69104) according to manufacturer’s instructions. Selective amplification of the 

SPCH locus was conducted by PCR using the high‐fidelity polymerase Kapa HiFi (Cat No. KK2101) 

and  specific primers  listed  in Supplementary Table ST12. PCR product purification was done 

using Qiagen MinElute  PCR  Purification  Kit  (Cat. No.  28004)  and  sequencing  using  BigDye® 

technology (Secugen, Madrid). 
 

Three‐Dimensional SPCH protein modelling  

Protein structure modelling was performed using Swiss Model (Bordoli et al., 2009) and Myc‐

Max protein as a template (PDB ID: 1nkp). Structural consequences of the mutation present in 

spch‐5 were predicted using Swiss PDB viewer 4.1 software (Guex and Peitsch, 1997). 

 

DNA manipulations 

Constructs used  in  this  study are  listed  in Supplementary Table ST13. The cloning  strategies 

followed  were  the  standard  and  the  Multisite  Gateway®  technologies.  Primers  for  DNA 

62



manipulations are shown in Supplementary Table ST12. SPCHPPP ORF was synthetically produced 

(GeneArt,  Invitrogen) using SPCH CDS as a  template  (GenBank accession number AY568670) 

with the following changes: A>C substitution in position 290 (290A>C), 322G>C, 323A>C, 334A>C 

and 335G>C. At the protein level, these mutations lead to the presence of prolines at aminoacid 

positions 104, 108 and 112, where histidine, glutamic acid and arginine, respectively, are found 

in the wild type SPCH protein. PIF4 CDS in pDONR221 was a kindly gift of Salomé Prat (CNB‐CSIC, 

Madrid). SPCH and SPCH‐5 were cloned from cDNA of 10 days Col‐0 seedlings using the same 

RNA extraction and cDNA synthesis approach as indicated for microarray hybridization. The CDS 

of  ICE1  (GenBank  accession  number  AY195621)  and  SCRM2  (GenBank  accession  number 

NM_101157) were purchased from ABRC (U68804 and U60686, respectively) and subcloned into 

pDONR221 vector (Invitrogen). SPCH promoter sequence (‐1 to ‐2572) was previously published 

(Gudesblat et al., 2012b). Deletion of SPCH coding sequence (SPCHΔ273) was conducted by PCR‐

mediated amplification using the primers listed in Supplementary Table ST12 and subsequent 

cloning into pDONR221. Enhanced GFP was amplified from pK7WGF2 (Karimi et al., 2002) and 

subcloned  into  pDONR  P2R‐P3  (Invitrogen).  All  the  entry  clones  used  in  this  study  were 

sequenced prior to recombining them into the different destination vectors.  

 

Yeast Two‐Hybrid Assays 

Gateway®‐modified pGBKT7 and pGADT7 vectors (Clontech) were used (Rombola‐Caldentey et 

al., 2014). Entry vectors containing CDSs were recombined into these destination vectors using 

LR  reactions  (LR  clonase  II mix.  Invitrogen. Cat. No.  11791100).   CDS‐containing  and  empty 

pGBKT7 and pGADT7 vectors were introduced into the MATα Trp auxotroph pJ694α (James et 

al.,  1996)  and  the MATa  Leu  auxotroph  YM4271a  (Liu  et  al.,  1993).  Full  details  of  plasmid 

construction are  indicated  in ST13. Prey‐bait diploids were generated by mating and  further 

selection in SD‐Leu‐Trp medium according to Bou‐Torrent et al. (2015). The interaction‐selective 

media was SD‐His‐Leu‐Trp. All experiments were performed twice with swapping between AD 

and BD constructs obtaining similar results. 

 

Yeast One‐Hybrid Assays 

Gateway®‐modified pGADT7  vector were used  for  the  TFs used  as  a preys. pDEST22  vector 

(Invitrogen) was used for ICE1 when used as a co‐factor. LR clonase reactions (Invitrogen Cat. 

No. 11791100) allowed us to introduce entry vectors containing the TFs into the two different 

destination vectors. Bait sequences (G‐Box WT: TGACACGTGGCATGACACGTGGCATGACACGTG 

GCA;  G‐Box  Mut:  TGACAATTGGCATGACAATTGGCATGACAATTGGCA)  were  synthetized  with 
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Attb4 and Attb1 Gateway recombination sites (IDT DNA Technologies) and cloned into pDONR 

P4‐P1R vector using BP clonase (Invitrogen Cat. No. 11789020). A recombinational LR reaction 

(Invitrogen) was conducted to introduce the bait sequences into the vector pMW#3 (Deplancke 

et al., 2006) that contains a LacZ reporter gene. Genome integration of the plasmid at the ura3‐

52 locus was achieved by linearization of the constructs with NcoI or ApaI. Once the yeast had 

integrated  the  bait  construct,  self‐activation  of  10  independently  transformed  colonies was 

tested using the Yeast beta‐Galactosidase Assay kit (Thermo scientific, Pierce. Cat. No. 75768). 

For each DNA bait, a colony that exhibited low self‐activation was selected for subsequent Y1H 

experiments. TF constructs were mobilised into yeast strains containing the bait sequences using 

the  low‐efficiency  transformation method  described  in Walhout  and Vidal  (2001).  Selective 

media used were as follows: SD‐Ura for bait sequences and SD‐Leu for all TFs (pGADT7 vector) 

except for ICE1 (pDEST22) that it was selected using SD‐Trp. Yeast beta‐Galactosidase Assay kit 

(Thermo scientific, Pierce. Cat. No. 75768) was used for the binding experiments according to 

the manufacture’s quantitative protocol. An Epoch microplate reader (Biotek) was used for the 

obtaining  absorbance  data.  Normalized  values  (zi)  of  the  beta‐galactosidase  activity  (xi) 

represented in Fig. 11B were calculated using the following formula:   

	
min	

max min	
 

 

Bimolecular Fluorescence Complementation (BiFC) assays in Nicotiana benthamiana leaves 

The BiFC constructs were obtained through Multisite Gateway® cloning technology (Invitrogen) 

using N‐terminus and C‐terminus GFP derivatives described  in Boruc et al.  (2010). Full‐length 

ORFs  of  the  proteins  of  interest with  and without  STOP  codons were  recombined  into  the 

pDONR221 or pENTR/D‐TOPO entry vectors (Invitrogen) using BP clonase (Invitrogen Cat. No. 

11789020) or Directional TOPO cloning kit (Invitrogen Cat. No. K240020). LR reactions with the 

LR  Clonase  II  Plus  enzyme  (Invitrogen  Cat.  No.  12538120)  were  conducted  to  produce 

translational fusions between the protein of interest and the GFP moieties, driven by the CaMV 

35S promoter. pH7m34GW  and pK7m34GW were  used  as destination  vector  (Karimi  et  al., 

2005).  For  detailed  information  about  the  plasmids  use  in  this  work,  please  refer  to 

Supplementary Table ST13. Positive control full‐length GFP derivatives were recombined using 

pK7FWG2 (Karimi et al., 2002). Constructions were transferred into Agrobacterium tumefaciens 

GV3101  by  electroporation  followed  by  identification  in  selective media.  Co‐infiltration  of 

Agrobacterium strains carrying the constructs of interest and a p19‐harbouring strain (Voinnet 

et al., 2015)  in the abaxial side of Nicotiana benthamiana  leaves was conducted according to 
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Boruc et al. (2010) with minor changes. At least 5 leaf segments per combination were inspected 

under a confocal microscope (Leica© TCS SP2) 3 to 5 days after infiltration. Interactions were 

considered positive if at least 10 cells produced fluorescent GFP emission. As negative control, 

each split GFP constructs were individually infiltrated using the same experimental conditions 

and no signal was detected. 
 

SPCH‐5 protein stability assay 

This  assay was  performed  according  to Gudesblat  et  al.  (2012b) with minor modifications. 

SPCHpro::SPCH‐5‐GFP (spch‐3 background) seedlings were grown  in half‐strength MS medium 

plates without sucrose. Three days after sowing, 3 g of seedlings were incubated for 2 hours in 

half‐strength MS  liquid medium supplemented with 100 nM BL (treatment) or the equivalent 

volume of DMSO (control) with gently shaking. After that, protein was extracted using ice‐cold 

extraction buffer  (50 mM Tris‐HCl, pH 7.5, 150 mM NaCl, 1% NP‐40 and  complete protease 

inhibitor tablet; Roche Diagnostics). The protein extract was incubated with GFP‐binding protein 

beads (GFP‐Trap®_A; Chromotek) for 4 hours at 4ºC and washed three times with washing buffer 

(20 mM Tris‐HCl pH 7.5, 150 mM NaCl, 0.5% NP‐40). After centrifugation and discarding of the 

washing buffer, beads were mixed with 2x SDS  sample buffer and boiled  for 5 min at 95ºC. 

Samples were  fractionated by SDS‐PAGE  (10% acrylamide) and analysed by Western blotting 

using an anti‐GFP HRP‐conjugated antibody (Monoclonal Antibody; Miltenyi Biotec) at 1:10,000 

dilution. Coomasie brilliant blue staining was used as loading control. 
 

RNA extraction and microarray hybridization 

RNA was obtained from 50 seedlings collected 3 days after sowing. Samples from 3 independent 

biological  replicates  were  frozen  in  liquid  nitrogen  and  RNA  was  extracted  with  Trizol® 

(Invitrogen),  followed  by  column  purification  using  High  Pure  RNA  extraction  kit  (Roche 

Diagnostics). RNA quality was determined with electrophoresis analysis with an Agilent 2100 

Bioanalyzer. Samples were hybridized at the Centro Nacional de Biotecnología (Madrid) using 

Agilent custom oligo microarrays 8 × 60K (reference G4102A). This Arabidopsis microarray was 

designed  by  the Genomics  Facility  at  Centro Nacional  de  Biotecnologia,  and  covers  62,976 

probes corresponding to 35,018 unique genes. 

 
Total RNA (500 ng each) was amplified and Cyanine 3‐ (Cy3‐) labeled using One‐Color Low Input 

Quick Amp Labeling Kit (Agilent Technologies) following the manufacturer´s instructions. Briefly, 

total RNA was converted into double stranded cDNA using oligo‐dT‐T7 primer and AffinityScript 
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Reverse Transcriptase. cDNA was then used as template for in vitro transcription reaction with 

T7 RNA polymerase and  incorporated Cy3‐CTP. Cy3‐labelled  cRNA was purified with RNeasy 

columns  (Qiagen)  and  RNA  yield  and  Cy3  incorporation  measured  in  a  Nanodrop 

spectrophotometer (Nanodrop Technologies). 
 

Preparation of probes and hybridization were performed as described (One‐Color Microarray‐

Based Gene Expression Analysis, Agilent Technologies). Briefly, for each hybridization 600 ng of 

Cy3‐cRNA were added to 5 µl of 10x Blocking Agent, 1 µl of 25x Fragmentation Buffer in a 25 µl 

reaction  and  incubated  at  60ºC  for  30 minutes  to  fragment  RNA,  and  stopped with  25  µl 

2xHybridization  Buffer.  The  samples  were  placed  on  ice  and  quickly  loaded  onto  arrays, 

hybridized at 65ºC for 17 hours and then washed once in GE wash buffer 1 at room temperature 

(1  minute)  and  once  in  GE  Wash  Buffer  2  at  37ºC  (1  minute).  Arrays  were  drained  by 

centrifugation at 2000 rpm for 2 minutes. Images for the Cy3 channel were captured with an 

Agilent DNA Microarray Scanner at a  resolution of 2 µm, and  spots quantified using Agilent 

Feature Extraction Software.  
 

Microarray data analysis 

Background  correction and quantile normalization of expression data were performed using 

LIMMA  (Smyth  and  Speed,  2003;  Smyth,  2004).  Linear  model  methods  were  used  for 

determining differentially expressed genes. Each probe was  tested  for changes  in expression 

over  replicates by using  an empirical Bayes moderated  t‐statistic  (Smyth, 2004).  For  further 

analysis, only one probe per gene was taken into account using the following criteria: we chose 

the probe rendering lower p‐values in the Col‐0 vs spch‐5 comparison, both in control (DMSO) 

medium.  

Genes were determined differentially expressed when met two criteria: p value < 0.05 and Fold 

change  >1.5  (up‐regulated) or  <‐1.5  (down‐regulated).  For  the GO  classification  (Fig.19)  the 

Cytoscape pluging ClueGO (Bindea et al., 2009) was used with DEG as input data. ST8‐SPCHPPP 

and ST9‐SPCHPPP gene list were generated using the same filter step as indicated in Fig. 20 for 

ST8 and ST9 respectively, but using SPCHPPP instead of spch‐5 down‐regulated genes. Heat maps 

in  Fig.21  and  Fig.25 were  plotted  using  TM4 MeV  software  (Saeed  et  al.,  2003).  Complete 

hierarchical clustering method was conducted with average dot product as distance metrics, 

after  Z‐score  normalization  of  the  Log2  absolute  expression  values.  Venn  diagrams  were 

obtained using VENNY on‐line application (Oliveros, 2007‐2016). 
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qPCRs 

The  same  RNA  samples  used  for microarray  experiments  were  also  used  for  qPCR.  cDNA 

synthesis  was  performed  using  High‐Capacity  cDNA  reverse  transcription  kit  (Applied 

Biosystems™; Cat. No. 4368814) according to manufacturer’s instructions. Maxima SYBR green 

qPCR master mix  (Thermo Scientific™) was used  to monitor  the  real  time amplification on a 

LightCycler®  480  II  PCR  amplification  and detection  instrument  (Roche diagnostics).  Specific 

primer sets used for amplification are displayed in Supplementary Table ST12. Each target gene 

was paired with two different reference genes  (ACT2; At3g18780 and UBQ10; At4g05320) as 

invariant endogenous controls. Expression values were calculated using the Efficiency method 

with  LightCycler® 480  software  version  1.5  (Roche  Diagnostics).  Geometric  means  of  the 

resulting target/reference ratios for each reference gene were conducted.  

 

Results 
 

Isolation and mapping of ldc mutants  

 

In an effort to identify novel Arabidopsis genes involved in stomatal development, we screened 

the M2 progeny of EMS‐mutagenized Col‐0 seeds  (see Materials and Methods)  for cotyledon 

epidermal phenotypes. We  identified  two  individuals, derived  from  the  same M1 pool, with 

similar stomatal numbers and patterning defects. Both plants were fertile, allowing confirmation 

of the phenotype in their M3 progenies. The adaxial and abaxial cotyledon epidermis of these 

plants showed a strikingly low stomatal density that, especially in the adaxial side, resulted in 

large areas devoid of stomata  (Fig. 1 A‐D). Notably, both epidermal sides showed occasional 

stomatal clusters (Fig. 1 E‐F).  We named these mutants ldc‐1 and ldc‐2 (from low density and 

clustering).  They  represent  a  new  phenotypic  class  of  stomatal  mutants,  since  stomatal 

clustering mutants reported this far typically show higher and not lower stomatal numbers. Like 

most clustering mutants, homozygous ldc‐1 plants are fertile and we selected them for further 

studies.  

Genetic analysis indicated that ldc‐1 is a single‐gene recessive nuclear mutant, because the F1 

plants  from  a  cross  between  ldc‐1  and  Col‐0  had  normal  epidermis,  and  the  F2  progeny 

segregated  wild‐type  to  ldc‐1  mutants  according  to  the  expected  3  to  1  ratio  (n=40;  χ2 

significance level of 5%). We performed allelism tests with the stomatal pattern mutants epf1, 

sdd1 and  tmm  (Yang and Sack, 1995; Hara et al., 2007; Delgado et al., 2012). All F1 hybrids 

showed  a  wild‐type  epidermis  (see  Supplementary  Table  ST1),  indicating  that  the  ldc‐1 

phenotype is not caused by alterations in any of these three genes and may instead be due to 

dysfunctions in a new locus involved in stomatal development.  
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Figure 1. Epidermal cotyledon phenotype 
exhibited by the ldc mutants. DIC images 
show 15 days-old entire cotyledons (A-D) of 
Col-0 (A and C) and ldc (B and D). Adaxial (A 
and B) and abaxial epidermis (C and D) are 
shown. Detailed epidermal phenotypes of 23 
days-old cotyledons are shown in E (Col-0) 
and F (ldc). Stomatal clusters are marked by 
brackets. Scale bars: 0.5 mm in A-D and 100 
µm in E and F. 

 

To identify the gene responsible for the ldc phenotype, we undertook the genetic mapping of 

ldc-1. Mutant plants were crossed with Landsberg (LER; wild-type for the ERECTA locus) and 50 

F2 individuals with the ldc phenotype were used for a linkage analysis with 32 polymorphic 

marker loci (Ponce et al., 2006). Complete linkage (0% recombination rate) was found between 

the mutant phenotype and the Col-0 allele of the MNB8 marker in chromosome 5 (Fig. 2A). This 

marker is located at a distance of just 58 Kb of SPEECHLESS (SPCH), a known master regulator of 

stomatal development (MacAlister et al., 2007). To determine SPCH involvement in the ldc 

phenotype, we sequenced the SPCH coding region in ldc-1 plants, identifying a C/T change at 

position 331 that generates an Arg/Trp substitution at position 111, in the basic region of the 

bHLH domain (Fig. 2B). The same mutation was found in ldc-2. Transformation of ldc-1 with a 

SPCHpro::SPCH construct fully rescued the mutant phenotype (Fig. 2 C-H). In addition, allelism 

tests with the null spch-3 mutant (MacAlister et al., 2007) performed by crossing homozygous 

ldc-1 plants with plants heterozygous for the spch-3 allele, showed that heterozygous ldc-

1/spch-3 individuals presented a low-stomata abundance phenotype, more severe than the 

typical of ldc-1 plants. This data will be presented in greater detail below (see section Dose-

dependent phenotype and BL-mediated stabilization of SPCH-5). All together these results 

confirmed that a mutation in the SPCH locus of ldc-1 is the cause of the ldc phenotype. 

Therefore, we will hereafter refer to these ldc mutations as the spch-5 mutation. 
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Figure 2. Molecular characterization of ldc mutation. Genetic map of Arabidopsis thalina showing the 32 
microsatellite markers (purple lines) used for the genetic mapping of the ldc mutation (A). Each black 
rectangle represents a chromosome (I to V). Inset shows the genome region where the ldc mutation had 
lower recombination rates (r) and the physical position of the SPCH locus (blue line). Schematic 
representation of the SPCH protein domains and the known alleles (B). spch-5 (red) carries a mutation 
that provokes an Arg to Trp change within the bHLH domain (blue box). Other alleles have point mutations 
outside the bHLH domain (spch-1 and spch-2) or T-DNA insertions (spch-3, black triangle). C-E: DIC 
micrographs showing the abaxial epidermis of 23 days-old cotyledons in Col-0 (C), spch-5 (D) and spch-
5/SPCHpro::SPCH-GFP complemented line (E). F-H: DIC images for the same genotypes showing 10 days-
old hypocotyls. Stomata are false coloured in purple for easier identification. Stomatal clusters are marked 
by brackets. Scale bars: 50 µm in C-H. 
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Phenotypic characterization of spch-5 

To characterize the phenotypic effects of the spch-5 mutation, we examined stomatal 

abundance and patterning in different flat and cylindrical organs, known to use specific 

regulators of stomata differentiation. As measured by the stomatal index (SI) and the stomatal 

density (SD), spch-5 showed a large reduction of the stomata produced in the abaxial cotyledon 

epidermis, with SI decreasing to 50% and SD to 23% of the Col-0 values (Fig. 3 A, B, D and E). In 

spite of stomata scarcity, 29% of the stomata in spch-5 appeared in clusters, most of them 

formed by two stomata and rarely by tree or more (29%±5 in spch-5 compared to 0.6%±0.3 in 

Col-0; n=10; mean±S.E). In the abaxial epidermis of the third leaf, spch-5 had also lower SD 

(which was about 54% of the wild type SD), although SI was the same in the two genotypes 

(Fig. 3 G and H). Interestingly, organ area (OA) of cotyledons and third leaves was not affected 

in spch-5 plants (Fig. 3 F and I).  

For other organs, the spch-5 phenotype was evaluated qualitatively. All rosette leaves (from the 

first to the ninth) had fewer stomata and showed occasional stomatal clustering in both adaxial 

and abaxial epidermis. The mutant did not form ectopic stomata in normally stomataless organs, 

like petals and stamen filaments (Fig. 3 P-S). In sepals (Fig. 3 J and K), pedicels (Fig. 3 L and M), 

siliques (Fig. 3 N and O) and stamens (Fig. 3 T and U), stomata were present in spch-5, with 

occasional patterning mistakes in sepals (see brackets in Fig. 3K). Cylindrical organs were 

severely affected in the mutant; notably, spch-5 hypocotyls lacked stomata (no stomata found 

in n=10 spch-5 hypocotyls; Fig. 3 X and Y), and spch-5 stems barely produced stomata compared 

to the wild type (Fig. 3 V and W). In spite of the lower stomata density in leaves, spch-5 plants 

grow normally (Fig. 3C), producing flowers that set viable seeds. This allows easy propagation of 

homozygous seeds, circumventing the infertility of severe spch mutants (MacAlister et al., 2007). 
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Figure 3. Phenotype dissection of spch-5. A, B: DIC images show the abaxial epidermis of 23 days-old 
cotyledons in Col-0 (A) and spch-5 (B). C: 40 days-old plants growth phenotype of Col-0 and spch-5. D–F: 
graphs represent stomatal index (D), stomatal density (E) and organ area (F) in abaxial epidermis of 23 
days-old cotyledons. G-I: graphs represent the same parameters in abaxial epidermis of 28 days-old third 
leaves. Grey bars denote Col-0 and orange bars spch-5; asterisks indicate p-value < 0.05 (t-student test; 
n=10), whereas n.d indicates p-value > 0.05. Error bars display the dispersion of the data in terms of 
standard error. J-Y: DIC images of the epidermis of several mature organs in Col-0 and spch-5. Stomata 
are false coloured in purple for better identification. Stomatal clusters are marked by brackets. Scale bars 
equivalence is indicated in each micrograph.  
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As stated before, the spch-5 mutation limits the number of stomata without affecting organ size 

in cotyledons and third leaves. Considering that most pavement cells derive from stomatal-

linage cells (Geisler et al., 2000), and that most Arabidopsis genotypes show a positive genetic 

relationship between stomata- and pavement cell-abundance (Delgado et al., 2011), it seemed 

likely that spch-5 be affected in the number and size of pavement cells. To verify this, we 

calculated pavement cell density (PCD) for the abaxial epidermis of the third leaf. In spch-5, PCD 

had half the value of that in Col-0 (Fig. 4A) and, therefore, the average pavement cell size 

increased approximately 2-fold in the mutant. Size of individual pavement cells was also 

measured, finding that the mutant epidermis has an overrepresentation of large cells compared 

to the wild-type, being the most represented category <1,000 µm2 in Col-0 and 5,000-10,000 

µm2 in spch-5 (Fig. 4 B-D). In addition, we estimated total stomata and pavement cell number 

from previous parameters (SD, PCD and OA) in the abaxial epidermis of third leaf and 

cotyledon. In both organs, the number of pavement cell was much higher in Col-0 than in spch-5 

(33,336 vs 18,046 in the leaf and 1,791 vs 927 in cotyledon, wild type and mutant values 

respectively). In terms of total number of stomata in the leaf, we estimated 10,216 in wild 

type and 5,565 in mutant plants. In cotyledons, the number is dramatically reduced in the 

mutant, displaying 183 stomata per cotyledon when the wild type exhibited 828. 

Therefore, the spch-5 mutation reduces the number of stomata and pavement cells in these 

epidermis but without apparently impairing organ mechanisms that compensate pavement 

cell number and size (Hisanaga et al., 2015). 

Developmental bases of the spch-5 phenotype

It has been established that SPCH directs the asymmetric cell divisions (ACDs) that initiate the 

stomatal linage by forming a meristemoid from MMCs (entry division) or SLGCs (spacing 

division),  and those ACDs that subsequently maintain the stem cell activity of the meristemoid 

(amplifying divisions) (MacAlister et al., 2007). Therefore, we asked if spch-5 showed alterations 

in these ACDs. 
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Figure 4. Quantitative analysis of pavement cells in spch-5. Abaxial 28 days-old third leaves were used in 
all the cases. A) Pavement cell densities in Col-0 and spch-5 show a significant decrease (p-value < 0.05; 
n=10) in the mutant (orange bar) compared to Col-0 (grey bar). Error bars show data dispersion in terms 
of standard error. B) Pavement cell size distribution in both genotypes. C, D) Representative drawings of 
Col-0 (C) and spch-5 (D) with colour code as in B. Stomata are indicated in purple and scale bar for both 
panels is indicated in D. 

 

Expression of the TMMpro::GFP marker in the abaxial epidermis of the 3rd leaf confirmed that 

spch-5 is able to produce lineages through canonical entry (Supplementary Figure S1 A and B) 

and spacing divisions (Supplementary Figure S1 C and D). In spite of using mechanisms for 

stomata development similar to Col-0, the mutant shows a clear phenotype in this leaf in terms 

of stomatal production (46%  lower SD in the abaxial surface; Fig. 3H) and clustering (18%±2 in 

spch-5 compared to 0% in Col-0; n=10; mean±S.E). Moreover, the mutant phenotype in this 

organ is detectable in both abaxial and adaxial sides (see Supplementary Figure S2). All these 

results indicate that the third leaf is adequate to study possible differences between mutant and 

wild type in ACDs divisions.  

To examine if and how these divisions are altered in spch-5, we studied the kinetics of cell 

division and differentiation during stomatal lineage progression in the abaxial epidermis of living 

third-leaf primordia of spch-5 compared to Col-0, using serial resin imprints of the same 

specimens (see methods; de Marcos et al., 2015) .  We obtained epidermal imprints from five 

plants at the first developmental time amenable to inspection (T0), which corresponded to 12 
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days after sowing. Subsequent imprints from the same primordia were taken at 24-hour 

intervals during the following four days (T1 through T4). An area covering 50 cells at T0, and all 

the cells derived from them in the subsequent samples, were inspected in the epidermal 

replicas; for each time-point, number of stomata and stomata precursors (meristemoids plus 

guard mother cells), number of total epidermal cells, and number of entry divisions were 

registered (Fig. 5). 

At T0 both genotypes presented some stomatal precursors and more continued to appear over 

the following four days. Thus, the spch-5 mutation does not seem to affect the persistence of 

protodermal cells competent to initiate stomatal lineages in the developing epidermis. Stomata 

were first detected in Col-0 at T1, but in spch-5 they did not appear until T3 (Fig. 5 A and B). The 

number of stomatal linages (precursors plus stomata) increased gradually over time in both 

genotypes, albeit it was much lower in the mutant at all the time-points examined (Fig. 5C). 

Occurrence of entry divisions was estimated as the percentage of the 50 cells at T0 or their 

descendants that give rise to stomatal linage at any of the later time-points (Fig. 5D). In Col-0, 

85% of these cells initiated stomatal linages, while only 30% did so in spch-5. In other words, 

only 15% of the 50 cells under study did not initiate stomatal lineages in Col-0, while as many as 

70% did not initiate lineages in spch-5. Regarding the entry division rate, the mutant exhibited a 

markedly reduced frequency of entry divisions at early time-points (T0 through T2), when most 

of the stomatal linages are initiated in the wild type (Fig. 5E). From T2 onwards, the entry division 

rate sharply decreased in Col-0 and reached approximately the spch-5 values. A similar evolution 

was observed for the cell proliferation rate and, as a consequence, total cell number increased 

only limitedly in spch-5, particularly at late time points (Fig. 5 F and G).  The number of SLGCs, 

which originate from amplifying divisions of the meristemoid, was also significantly lower in 

spch-5 than in Col-0 (Fig. 5H). At the latest time-point examined, spch-5 had produced only about 

31% of the sum of stomata plus precursors and 48% of the cells that Col-0 produced in the same 

time span. To determine if the mutant was also altered in spacing divisions, we quantified the 

proportion of the primary lineages that produced satellite lineages within the T0-T4 interval (Fig. 

5J). In our conditions, 35% of primary Col-0 lineages showed satellization. Surprisingly, spch-5 

displayed a similar proportion (37%), indicating that this mutation does not seems to affect 

spacing divisions. 
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Figure 5. In vivo tracking of epidermal cell division and stomatal differentiation in leaf primordia. A, B) 
the abaxial epidermis of third leaf primordia in Col-0 (A) and spch-5 (B) plants was followed in vivo using 
serial resin imprints . Epidermal replicas were inspected at 24-h intervals during 4 days (T0–T4). Drawings 
are reproductions from representative micrographs of the Col-0 and spch-5 serial imprints at the times 
indicated. Stomatal precursors are marked in yellow and stomata in green. Scale bar for A and B is 
indicated in B. C-J) Graphs elaborated from n=5 leaves per genotype and using an initial field of 50 cells. 
C) Number of stomata and stomata precursor cells. D) Percentage of entry divisions. E) Entry division rate. 
F) Cell proliferation rate. G) Total cell number. H) Number of SLGCs per lineage. I) Stomatal differentiation 
rate. J) Percentage of primary and secondary lineages. Asterisk in F denotes p-value < 0.05 (t-student test). 
Error bars: standard error.  
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Therefore, the lower stomata production that we found in spch-5 leaf primordia correlates with 

a decrease in entry divisions, likely resulting from deficiencies in recruiting protodermal cells to 

the stomatal pathway and not from a premature extinction of the protodermal cell pool. 

Furthermore, spch-5 meristemoids showed lower self-renewing capacity through amplifying 

divisions. In addition to these deficiencies in driving asymmetric divisions, spch-5 showed a delay 

in the differentiation of GCs as compared to Col-0 (Fig. 5I). In the wild type, the stomatal 

differentiation rate (SDR; the number of stomata that appear per day and per precursor cell) is 

almost constant since the first time interval (T0-T1), while in spch-5 at this time the rate is zero 

and it increases for the subsequent time intervals. This indicates that the completion of stomatal 

lineages at early stages of leaf development is compromised in the mutant, as were lineage entry 

divisions and cell proliferation. 

One of the most striking features of spch-5 plants is the combination of a low stomata 

abundance with stomatal clustering. To determine the specific alterations in the developmental 

pathway that result in this patterning defects in spch-5, we performed a detailed time-course 

study of cluster appearance in the abaxial epidermis of the third leaf.  As previously indicated, 

18% of the spch-5 stomata appeared in clusters in this epidermis at maturity, while no stomata 

in contact were detected in Col-0 under our growth conditions. We used serial imprints of living 

leaves to reconstruct stomatal lineage histories of 128 clusters (2-mer clusters) in n=7 spch-5 

leaf primordia. Clusters were classified and quantified based on their origin (Fig. 6). Most 

stomatal clusters (49%; type I) originate from meristemoid divisions producing two daughter 

cells with same stomatal fate. Clusters in type II (28% of total cluster number) arise as result of 

miss-oriented spacing divisions of SLGCs, leading to the differentiation of satellite stomata 

adjacent to preexisting primary stomata or precursors. In type III (the remaining 23%), stomata 

pairs derive from different but neighboring primary linages, whose contacting meristemoids 

differentiate stomata. From these alterations it follows that spch-5 shows a reduced ability to 

assign fate asymmetry to the two meristemoid daughter cells, and has defective signalling 

mechanisms between stomata and/or stomatal precursors that interfere with their proper 

spacing. 

We then investigated possible causes of the observed lack of asymmetric fate in the most 

abundant cluster type (type I), using TMMpro::GFP as a marker of stomatal linage cells (Nadeau 

and Sack, 2002). The marker construct was mobilized into spch-5 by sexual crossing, and GFP 

expression in spch-5 and Col-0 backgrounds was inspected in the adaxial cotyledon epidermis at 

2 days post germination (Fig. 7 A-E) 
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Figure 6. Stomatal cluster ontogeny in spch-5. Stomatal 2-
mer cluster ontogeny was followed using serial resin imprints 
as in Fig. 5. Data were collected from 128 clusters from 7 
plants during 4 days in 24-h timespans. Relative percentage 
of the three different cluster ontogenies found in spch-5. 
Drawings are representative examples reproduced from 
micrographs of the serial imprints. Stomatal precursors are 
marked in yellow and stomata in green.  

 

As previously reported (Nadeau and Sack, 2002), in Col-0 TMMpro::GFP was highly expressed 

in meristemoids, at much lower level in the youngest SLGC and only rarely in other stomatal 

lineage cells (Fig. 7 A and C). In spch-5 however, TMMpro::GFP sometimes marked two adjacent 

small lineage cells with equally high GFP signal levels (Fig. 7 B and E), although other lineages 

showed proper asymmetric marker allocation (Fig. 7D). These small GFP-expressing cells appear 

to be the products of a recent cell division, and one of them frequently exhibits the characteristic 

morphology of a meristemoid. The expression pattern of this marker is consistent with the 

assumption that spch-5 occasionally fails to determine asymmetric molecular identities in the 

meristemoid and its sister SLGC and, in consequence, their unequal fate might not be 

established. This defect may result from deficiencies in setting the intrinsic polarity of 

meristemoid divisions and/or in the mechanisms repressing stomatal fate in the resulting SLGC 

product (Dong et al., 2009; Zhang et al., 2015). 

Loss of function mutants in the intrinsic stomatal polarity factor BASL undergo cell divisions 

within stomatal lineages where occasionally the two daughter cells had inappropriately similar 

marker expression, identity and size (Dong et al., 2009). So, we next addressed if spch-5 also 

affects the physical (size) asymmetry of meristemoids divisions. Using the TMMpro::GFP marker 

to easily visualize stomatal linages, we measured the area of meristemoids and their adjacent 

SLGCs in Col-0 and spch-5 (see Fig. 7F for more details). The mean and median relative cell area 

of meristemoids was very similar in both genotypes: 37% of the combined area of the two 

daughters (the meristemoid and its sister cell) in Col-0, and 36% in spch-5 (Fig 7G). In addition, 

the most frequent meristemoids had relative areas of 30-40% in both genetic backgrounds.  

As the aberrant fate symmetry appears in only a small fraction of spch-5 linages, this overall 

quantification could be masking physical defects. To overcome this problem, we used serial 

impressions of the abaxial epidermis in spch-5 third leaves to measure the meristemoid relative 

area in linages producing one isolated stoma or two stomata in contact (type I clusters). We 
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examined 54 linages with isolated stomata (n=4 plants) and 55 with two clustered stomata (n=7 

plants) (see material and methods). When meristemoids generate daughter cells with unequal 

fate (leading to isolated stomata), the size of daughter cells was also unequal, with the new 

meristemoid having a mean relative area of 38% (median of 37% and a mode of 30-40%; Fig. 7H, 

purple bars) as previously described in Col-0 (Dong et al., 2009). In contrast, clustered stomata 

derived from divisions where both daughter cells had nearly equal sizes and both behaved as 

meristemoids, each one producing a stoma (clusters of type I). In this case, the smaller daughter 

cell had a mean relative area of 45% (median of 46% and a mode of 40-50%; Fig. 7H, green bars). 

All these results indicate that in spch-5 the two cell products of some meristemoid divisions have 

a similar size and lack fate asymmetry. 

 

Figure 7. Asymmetric cell division defects in spch-5. A-E) confocal images of 3 days-old cotyledon adaxial 
epidermis in Col-0 (A and C) and spch-5 (B, D and E) carrying the marker TMMpro::GFP (in green) and 
stained with propidium iodide (in red). C-E are magnified fields from A and B. Scale bars: 100 µm (A and 
B) and 20 µm (C, D and E). Cell outlines were indicated as dotted lines in C, D and E. F) Procedure used to 
estimate relative meristemoid size in panel G, as the percentage of the mother cell area that corresponds 
to each of the two daughter cell products of an asymmetric division. G) Bars represent the relative 
meristemoid size (as determined in F) after lineage cell divisions in Col-0 (grey) and spch-5 (orange). H) 
Relative meristemoid size in spch-5 type I clusters (green) and isolated stomata (purple bars) using serial 
resin imprints (see material and methods for details).  
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We next asked if spch-5 stomata cluster development involved other anomalies. For instance, 

some patterning defects involve failures in the mechanisms that ensure the correct orientation 

of the division plane in ACDs and prevent the development of stomata in contact, as described 

for tmm (Geisler et al., 2000). To analyse this parameter, we needed to find a way to clearly 

evidence improper orientation of such division planes within stomatal lineages. A clear 

consequence of the stereotyped orientation of the division planes during meristemoid ACDs is 

the epidermal phenotype of mute mutants (Pillitteri et al., 2007; Triviño et al., 2013). In these 

mutants, the meristemoid experiences excessive amplifying divisions, though each one is 

properly oriented at a fixed angle (60º) with respect to the previous one and, like in the wild 

type, the divisions take place in an inward spiral. The abundant SLGCs surrounding the arrested 

mute meristemoid do not expand (Triviño et al., 2013), and all cells in the lineage are easy to 

trace as they form a characteristic, highly regular rosette-like structure (see Fig. 8A). We 

addressed whether in a spch-5 background this stereotyped mute rosette pattern is disturbed. 

We obtained the mute-3;spch-5 double mutant and examined its cotyledon epidermis, finding 

that arrested meristemoids were surrounded by groups of spatially-disorganized small cells, 

instead of regular spiral rosettes (Fig. 8B), supporting the notion that spch-5 has difficulties in 

establishing the correct division planes in meristemoid ACDs. To confirm that these small cells 

belong to stomatal lineages, we observed the TMMpro::GFP marker introduced in the single and 

double mutant (Fig. 8 C-F). In mute-3 the marker is highly expressed only in the meristemoid, 

located in the center of the spiral (Fig. 8 C and E). However, in mute-3;spch-5 several linage cells 

in the disorganized rosettes showed TMMpro::GFP expression to various extents (Fig. 8 D and 

F). Thus, these are stomatal lineage cells executing ACDs, but the planes of these divisions are 

miss-oriented. 

Taking together, all these data evidence that the spch-5 phenotype (very low stomatal numbers 

and moderate clustering) results from impairments in distinct developmental process that lead 

to stomata formation. These include an impaired capacity for entry and amplifying divisions in 

the stomatal lineages, dysfunctions in the physically asymmetric divisions of meristemoids, 

difficulties to assign unequal fate to the two daughter cells, and improper orientation of these 

divisions between and within lineages. 
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Figure 8. Orientation of cell division planes in 
spch-5 and mute-3 stomatal lineages. Confocal 
images of 13 days-old adaxial cotyledon 
epidermis, showing cell contours with propidium 
iodide (red) and young lineage cells with GFP 
(green) expressed from a TMMpro::GFP reporter 
construct. A, C, E) mute-3 plants form rosette-like 
lineages with many small cells in regular an 
inward spiral arrangement (dotted white line in A) 
where only the most recently formed 
meristemoid shows strong TMMpro::GFP 
expression (C, E). B, D, F) mute-3;spch-5 double 
mutant lineages also display extra small cells but 
they are arranged in irregular patterns (B) and 
several of them express TMMpro::GFP (D,F). Note 
the absence of stomata due to the lack of MUTE 
function. Scale bar: 50 µm. 

 

Molecular basis of spch-5 dysfunction 

As mentioned before, the spch-5 point mutation produces an aminoacid change in the bHLH 

domain. The mutation substitutes the arginine R111 by a tryptophan (Fig. 2B). SPCH belongs to 

the bHLH superfamily of transcription factors, subfamily 10 (Carretero-Paulet et al., 2010) and 

members of this subfamily are predicted to bind to the G-box canonical sequence (CACGTG). 

Interaction of these bHLH with the G-box takes place through three conserved residues (H-E-R), 

regularly spaced (H104, E108 and R112 in SPCH) (Ferre-D'Amare et al., 1994; Shimizu et al., 1997). 

Although the mutated residue in SPCH-5 (R111) is not a G-box-binding residue, it is highly 

conserved among bHLH factors in widely divergent taxa (Carretero-Paulet et al., 2010). In the 

Drosophila E47 transcription factor, this arginine is known to form hydrogen bonds with the DNA 

backbone, stabilizing the interaction of the glutamic acid that contacts the G-box (E108 in SPCH) 

(Ellenberger et al., 1994).  

We proceeded to model the three-dimensional structure of the bHLH domain in SPCH using the 

human protein Myc-Max (PDB ID=1nkp) as a template. In our model (Fig. 9), we can detect this 

hydrogen bond between R111 and the critical position for DNA binding E108. According to the 

model, when R111 is replaced by tryptophan in the SPCH-5 protein, the resulting W111 does not 

establish this bond with E108, what theoretically should compromise the DNA-binding capabilities 

of SPCH-5. 
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Figure 9. Homology-based 3D structural prediction for the SPCH-5 protein. Modelled protein structures 
of SPCH versions. (A) wild-type SPCH. (B) SPCH-5 predicted from spch-5. Highlighted in pink is the amino 
acid triad critical for DNA-binding in other bHLH proteins. The wild-type Arg111 substituted by Trp111 in 
spch-5 is marked in orange. The hydrogen bond involving this Arg 111 is indicated as a dashed line with the 
distance in Ångströms (A). Note its loss in the mutant version (B).  

 

Mutations in the bHLH domain of these proteins may also impair dimerization, often crucial for 

their activity (Massari and Murre, 2000). SPCH is known to form functional heterodimers with 

ICE1/SCRM (ICE1 hereafter) and SCRM2 (Kanaoka et al., 2008). Although the same laboratory 

could not detect homo-dimerization of SPCH (Kanaoka et al., 2008), we checked again if SPCH 

forms homodimers in a yeast-two-hybrid (Y2H) assay (Fig. 10A). We observed growth in selective 

medium for yeasts expressing SPCH as both bait and prey constructs, indicating that SPCH forms 

stable homodimers in our conditions. Then, we tested dimer formation between SPCH and 

SPCH-5, observing that the mutation did not compromise the interaction. Additionally, Y2H 

assays indicated that SPCH-5 is readily able to form heterodimers with both SCRMs proteins, 

similar to the wild type SPCH. Therefore, SPCH-5 retains the wild-type ability for homo and 

hetero dimerization in yeasts.  

To verify these biochemical properties in planta, we used a split-GFP-based bimolecular 

fluorescence complementation (BiFC) assay in transiently transformed leaves on Nicotiana 

benthamiana (Fig. 10B). SPCH, SPCH-5 and the SCRMs were C-terminally and N-terminally 

tagged with either the N- (nGFP; 1 to 155 amino acids) or the C-terminal (cGFP; 156 to 720 amino 

acids) part of the GFP.  We evaluated all meaningful combinations of these constructs along with 

appropriated controls. Visualization of GFP in the epidermis indicated the assembly of 

heterodimers for SPCH as well as for SPCH-5 with both SCRMs factors. In contrast, no 

homodimer formation was detected for SPCH in BiFC, as it was in Y2H (Fig. 10C). This could mean 

that SPCH homodimers are unstable in planta due to plant-specific post-translational 
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modifications or to the presence of additional interactors, both absent in the yeast system. Same 

result was obtained previously using the same experimental approach (Kanaoka et al., 2008). 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Protein-protein interactions 
involving SPCH-5. A) Yeast two-hybrid 
representative assay with control medium 
lacking Leu and Trp (left) and selective medium 
for the interaction without Leu, Trp and His 
(right). Proteins were fused to GAL4 DNA-
binding domain (BD) or GAL4 activation domain 
(AD). Pictures were taken after 3 days at 30ºC. B, 
C, D) BiFC experiments using transient 
expression assays in Nicotiana benthamiana 
leaves. Image compositions were made with 
representative cells showing the recomposed 
GFP signal after physical interaction between 
proteins.  

 

Next, we addressed whether the spch-5 mutation alters the preference for interacting partners. 

In collaboration with S. de Vries and E. Russinova labs, we determined the composition of 

protein complexes formed in vivo with SPCH and SPCH-5, using Arabidopsis spch-3 transgenic 

lines that expressed SPCHpro:SPCH:GFP or SPCHpro:SPCH-5:GFP constructs. Native GFP-tagged 

complexed from 2dpg seedlings were immuno-precipitated with anti-GFP antibodies. Proteins 

involved in these complexes were analyzed by LC/MS as previously described (Karlova et al., 

2006). ICE1 was as the only highly significant interactor of both SPCH and SPCH-5 (data not 

shown), providing additional evidence for the unaltered interaction properties of SPCH-5. 

Since SPCH is a bHLH protein, it is expected that it exerts its action through DNA-binding. 

However, this has not been experimentally demonstrated as yet. As SPCH formed homodimers 
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in the yeast system and most bHLH factors bind DNA as dimers, we carried out a yeast-one-

hybrid (Y1H) assay to test SPCH binding to the canonical target for bHLH proteins, the G-box 

motif (CACGTG), using PIF4 as a positive control. PIF4 showed a strong and specific interaction 

with the G-box whereas neither SPCH nor its SPCH-5 variant showed any interaction with this 

DNA sequence (Fig. 11B). Similar unexpected results were reported regarding the DNA-binding 

capacity of the maize factor R, which shares with SPCH the presence of bHLH and ACT domains 

(MacAlister and Bergmann, 2011; Kong et al., 2012). ACT-like domain in SPCH is located within 

the previously identified SMF domain, specific for stomatal genes (MacAlister and Bergmann, 

2011). In this case, detailed experiments showed that the ability of R to dimerize through the 

bHLH domain and to recognize G-boxes was suppressed by an alternative ACT-mediated 

dimerization; in fact, R only bound G-boxes after deletion of the ACT domain (Kong et al., 2012). 

This prompted us to test whether a similar mechanism prevents binding of the full-length SPCH 

protein to the G-box. We performed Y1H assays with the N-terminal portion of SPCH that 

includes bHLH domain but lacks the ACT domain (SPCHΔ273; Fig. 11 A). However, this truncated 

SPCH version was also unable to bind the G-box (Fig. 11B). Then, we tested if SPCH binding to 

the G-box in yeast depends on heterodimerization with SCRMs factors, but no interaction with 

the G-box was detected in yeasts expressing SPCH and ICE1 (Fig. 11B). 

 

 

 

 

 

 

 

 

 

 

Figure 11.  DNA-protein interactions involving SPCH-5.  A) 
Scheme of the domain structure of SPCH and the truncated 
SPCHΔ273 version lacking the C-terminal part. B) Yeast one-
hybrid experiment results using as a bait the tandem-repeated 
G-box sequence as (WT) or a mutated version (mut). Coloured 
circles indicate LacZ reporter normalized expression.   
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Lacking an assay for testing direct DNA-binding for SPCH, we chose a genetic approach to 

evaluate if SPCH-5 might be altered in DNA-binding. We constructed SPCHPPP, a SPCH variant 

where the critical DNA-contacting residues (H104, E108 and R112) were substituted by prolines, a 

modification that renders other bHLH proteins unable to bind-DNA both computationally and 

experimentally (Pace and Scholtz, 1998; Maerkl and Quake, 2009; De Masi et al., 2011). The 

SPCHPPP variant, however, retains the ability to interact with both SCRM proteins in planta, as 

we determined by BiFC assays (Fig. 10D).  

We then checked the capacity of this variant to sustain stomatal development. For that, GFP-

tagged SPCH-5 or SPCHPPP
 driven by the SPCH promoter were mobilized into the null spch-3 

background, isolating several independent homozygous lines (termed SPCHpro::SPCH-5-GFP and 

SPCHpro::SPCHPPP-GFP, respectively). As a reference, we used a previously reported spch-3 line 

harbouring the wild-type protein version SPCHpro::SPCH-GFP (Gudesblat et al., 2012b). The 

wild-type SPCH fully complemented the stomataless phenotype of spch-3, restoring normal 

plant growth and fertility. Like the spch-5 mutant, lines expressing SPCH-5 or SPCHPPP were fertile 

and had a rather normal growth, but in cotyledons and leaves they formed only few stomata, 

some of them clustered (Fig. 12 D-I), and basically lacked stomata in hypocotyls (Fig. 12 A-C). 

In our lines, the SPCH promoter should not sustain a large overproduction of the different SPCH 

versions, but some extra cell divisions could be identified in the lines expressing transgene-

derived SPCH as well as the SPCH-5 and SPCHPPP variants (Fig. 12 G-I blue-coloured cells). These 

extra divisions are never found in Col-0 or in spch-5 mutants and they might be due to 

differences between the endogenous SPCH regulation and that sustained by the SPCHpro (2.5 

kb long) used to direct transgene expression.  
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Figure 12. Epidermal phenotypes elicited by different SPCH versions in spch-3 background. DIC images 
show the epidermis of spch-3 plants transformed with translational GFP fusions to SPCH, SPCH-5 or 
SPCHPPP under the control of the SPCH promoter. A-C) 10 days-old hypocotyls, and D-F) adaxial and G-I) 
abaxial 23 days-old cotyledons of spch-3 plants complemented with SPCH (A, D and G), SPCH-5 (B, E and 
H) and SPCHPPP (C, F and I). Stomata are coloured in purple and what seem to be aborted lineages were 
indicated in blue. Stomatal clusters are enclosed into brackets. Scale bar: 100 µm.  

 

To further study the cells expressing the different SPCH versions, we examined GFP activity in 

the transgenic lines (Fig. 13). In young cotyledons, SPCH-GFP accumulated in small cells of 

adaxial and abaxial epidermis (Fig. 13 D-I). It is worth to mention that expression patterning in 

WT and the two mutant versions in abaxial young cotyledons do not differ qualitatively (Fig. 13 

G-I). Since at maturity (see Fig. 12 G-I) both mutant epidermis produce less stomata than the 

reference SPCHpro::SPCH-GFP lines, it seems that only a small fraction of the cells that were 

early-marked by SPCH-5-GFP and SPCHPPP-GFP will finally enter the stomatal pathway. Taken 

together, these results indicate that SPCH-5 and SPCHPPP lead to very similar phenotypes, 

indicating that these lesions in the bHLH domain of SPCH, putatively affecting DNA-binding, have 

functional consequences. Moreover, they show that these lesions have a distinct albeit mild 
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impact on stomata development in flat organs (cotyledons and leaves), while they effectively 

prevent stomata formation in cylindrical organs (hypocotyls).  

 

Figure 13. Protein expression analysis of spch-3 lines complemented with different SPCH versions. 
Confocal images showing the hypocotyl (A-C), adaxial (D-F) and abaxial cotyledons (G-I) of the 
complemented SPCH (A, D and G), SPCH-5 (B, E and H) and SPCHPPP (C, F and I). Red outlines are PI stained 
cell contours. All images were taken at 3 days after sowing. GFP fluorescence marks the expression of the 
different protein versions. Scale bar: 100 µm. 

 

Dose-dependent phenotype and BL-mediated stabilization of SPCH-5 

According to its phenotype and recessive behaviour, we hypothesized that spch-5 carries a 

partial loss of function (hypomorphic) SPCH allele and, as such, it might show a dose effect. To 

check this, we crossed spch-5 plants with plants heterozygous for the null spch-3 mutant in order 

to produce plants with only one copy of the spch-5 allele (spch-5/null). After genotyping the 

progeny of this cross, we found that plants with one dose for spch-5 had a very limited growth 

(see Fig. 14A) but were able to produce some seeds after prolonged cultivation. In terms of 

stomatal production (Fig. 14B) the adaxial cotyledon epidermis of these plants barely produced 

stomata, which indicates a dosage-sensitivity and corroborates the hypomorphic nature of the 
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spch-5 allele. In addition, we introduced into spch-5 two extra copies of SPCH-5 by transforming 

spch-5 plants with the transgene SPCHpro::SPCH-5-GFP. Two independent lines, each carrying 

four SPCH-5 doses, exhibited a statistically significant higher stomata production than spch-5 

(Fig. 14C). Epidermis examination revealed that, although the alleviation of the mutant 

phenotype is evident in abaxial cotyledons with extra copies of SPCHpro::SPCH-5 (Fig. 14 D-G), 

hypocotyls remain unable to produce stomata (Fig. 14 H-K). These observations reveal that the 

spch-5 phenotype is dose-dependent in cotyledons but it behaves as a null mutant in hypocotyls. 

 

Figure 14. Gene dosage effects for SPCH-5. A) Growth phenotype of the different genotypes tested for 
gene dosage effects 33 days after sowing on soil. B) Adaxial stomatal index of soil-grown fully expanded 
cotyledons (25 days for all the genotypes except for spch-5/null that needed 35 days because of its 
delayed growth). C) Abaxial stomatal index of 23 days-old cotyledons in Col-0 (grey bar), spch-5 (orange 
bar) and two independent spch-5 lines carrying extra copies of the transgene SPCHpro::SPCH-5 (green 
bars). Asterisks in B and C denote p-value < 0.05 (t-student test) when compared to spch-5. Error bars 
correspond to standard error values.  D-G) representative DIC images of the epidermis quantified in C. H-
K) DIC images of 10 days-old hypocotyls showing stomata in Col-0 (H) and complete absence of stomata 
in the spch-5 (I), and two independent lines of spch-5 with two extra copies of SPCHpro::SPCH-5 (J and K). 
Stomata are coloured in purple. Scale bar: 50 µm in all DIC images. 
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We then genetically increased the amount of the active SPCH-5 protein by eliminating YODA, a 

known SPCH repressor that decreases SPCH activity via phosphorylation (Bergmann et al., 2004; 

Lampard et al., 2008). The yoda-10 mutant lacks YODA activity and thence SPCH cannot be 

repressed, what increases stomata production and generates very large stomata clusters in 

cotyledons and hypocotyls (Fig. 15 C and E; Kang et al. (2009); Balcerowicz et al. (2014)). The 

double spch-5;yoda-10 mutant still produces more stomata than Col-0 in cotyledons, but both 

SI and clustering were significantly reduced compared to yoda-10 (See Fig. 15 A-D and G). 

Interestingly, the loss of YODA function in a spch-5 background did not allow stomata formation 

in hypocotyls, where stomatal production is blocked even in the double mutant (Fig. 15F). All 

these results indicate that increasing the gene dosage, and thus likely the amount and/or the 

activity of SPCH-5, can overcome the low stomatal production of spch-5 cotyledons, whereas 

the lack of stomata in spch-5 hypocotyls is a characteristic of this mutant that cannot be rescued 

even by total loss of YODA activity. Conversely, and notably differing from the wild type allele 

behaviour, the reduction in spch-5 gene dosage drastically reduced its ability to direct stomata 

formation in cotyledons.   

 

Figure 15. Effect of the Increase of SPCH-5 activity through YODA repressive pathway elimination. (A-F) 
DIC images showing the abaxial cotyledon epidermis 23 days after sowing (A-D) and 10 days-old 
hypocotyls (E and F) of Col-0 (A), spch-5 (B), yoda-10 (C and E) and spch-5;yoda-10 (D and F). Scale bar in 
A-F: 50 µm. Stomata are coloured in purple. G) Quantitative analysis of the epidermis shown in A-D) in 
terms of stomatal index. Asterisk in G denotes p-value < 0.05 (t-student test) compared to spch-5 single 
mutant. Error bars: standard error. 
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The SPCH protein can be stabilized by exogenous aplication of brassinolide (BL), an active form 

of brassinosteroid (Gudesblat et al., 2012b). In terms of stomata production, this effect is mostly 

evident in hypocotyls.  As reported before (Gudesblat et al., 2012b), we found that 50 nM BL did 

not produce a distinctive effect on stomatal phenotype of Col-0 plants compared to plants 

grown in control medium (DMSO) (Fig. 16 A, C and D). In contrast, when we applied BL to spch-

5 plants, the SI increased significantly (Fig. 16A), and stomatal clustering diminished (from 

21%±6 in DMSO to 9%±2 in BL medium; Fig. 16 B, E and F). In the spch-3 lines expressing SPCHPPP, 

BL does not affect either SI (Fig. 16A) or clustering (Fig. 16B) and the epidermis is 

undistinguishable to plants of the same line grown in control medium (Fig. 16 G and H). To 

determine if BL treatment affected SPCH-5 accumulation in spch-5 as reported for SPCH in Col-

0, we generated plants carrying the SPCHpro::SPCH-5-GFP fusion in a spch-3 background. 

Immuno-precipitation of SPCH-5-GFP protein showed that a short BL treatment remarkably 

increased SPCH-5-GFP accumulation, as compared to the quasi-undetectable protein found in 

non-treated plants (see Fig. 16I). Hence, BL mediates the stabilization of SPCH-5, providing a 

possible mechanism to explain the partial rescue of the spch-5 phenotype by BL treatment and 

sustaining the notion that the phenotypes associated to the dysfunctional SPCH-5 protein are 

highly dependent on protein amount/activity. 

These results also show that spch-5 is a sensitized genetic background useful to unravel hormone 

effects on stomatal development, probably because of the non-saturated stomata initiation 

potential and/or the particular mechanisms impaired by this lesion. In fact, spch-2, the weak 

allele of SPCH previously reported (MacAlister et al., 2007) and whose mutation affects stomatal 

production, does not respond to this hormonal treatment (Supplementary Figure S3). 
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Figure 16. Brassinosteroids alleviate the spch-5 epidermal phenotype through protein stabilization. A) 
Abaxial epidermis of 23 days-old cotyledons from plants grown on control medium (with DMSO as a mock 
treatment; grey bars) or with 50 nM brassinolide (BL) (green bars). B) Clustering percentage found in 23 
days-old abaxial cotyledons of spch-5 under control medium (grey bar) or BL (green bar). Error bars display 
standard error. Asterisks indicate p-value < 0.05 and n.d p-value > 0.05 (t-student) when compared to the 
control medium. C-F) representative images of plants scored in panel A, with stomata marked in purple 
and clusters denoted by brackets; scale bar: 50 µm. G) SPCH-5-GFP protein immunoprecipitation using 
anti-GFP antibody (upper western blot) in protein extracts from spch-3 plants transformed with 
SPCHpro::SPCH-5-GFP. Coomasie Brilliant Blue (CBB) staining as loading control is shown in the lower gel.  

 

Transcriptional signature of the spch-5 mutation  

In order to describe the molecular phenotype of spch-5 and to explore possible changes in gene 

expression underlying the effects of BL treatment on its epidermal development, we performed 

a microarray-based transcriptomic analysis. Using 3-days old seedlings grown in the absence or 

presence of BL, we compared the transcriptomic profiles of wild type (Col-0) and spch-5 plants. 

In addition, we analyzed a SPCHPPP-complemented spch-3 line to identify gene expression 

changes distinct of spch-5 or common to the two SPCH variants. We thus obtained six data sets 

(3 genotypes in two growth conditions; see Fig. 17) that could be analysed in various pairwise 

comparisons, such as spch-5+DMSO vs Col-0+DMSO, SPCHPPP+DMSO vs Col-0+DMSO, Col-0+BL 

vs Col-0+DMSO, spch-5+BL vs spch-5+DMSO and SPCHPPP+BL vs SPCHPPP+DMSO.  
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Figure 17. Experimental design for the transcriptomic analysis of spch-5. The scheme shows the strategy 
for obtaining the RNA samples used in the transcriptomic analysis of the spch-5 mutant and the effect of 
BL. Plants of the indicated genotypes were grown in vitro with BL or without BL (DMSO controls) for 3 
days before collection. Transcript abundance was analyzed by hybridization to Agilent microarrays. 

 

Relative expression levels for a panel of genes in the three genotypes and BL treatments was 

further tested by qPCR. The results (Fig. 18) showed that for the 10 genes selected, expression 

tendencies were the same as estimated by the two independent methods. 

Given that most stomatal regulators are low-expressing genes and thus their transcripts were 

poorly represented in our samples, we defined differentially expressed genes (DEG) as those 

with at least 1.5-fold change in transcript abundance and with a p-value lower than 0.05. The 

analysis identified 3,035 DEG in spch-5 compared to Col-0 (Supplementary Table ST2). The 

biological processes over-represented in the spch-5 DEG-set were identified in a Gene Ontology 

(GO) term enrichment analysis using ClueGO (Bindea et al., 2009). Fig. 19 shows in green the 

categories corresponding to a specific enrichment for down-regulated genes, which are 

prevalent, and in red those specific for up-regulated genes, which are absent. Grey nodes are 

enriched in both categories. Grouped green nodes correspond to expected categories, such as 

cell division and microtubule-associated processes (Fig. 19A) likely related to the reduced 

epidermal cell division phenotype of spch-5, and stomatal development (Fig. 19B). It worth to 

mention the node histone H3-S10 phosphorylation (Fig. 19D). This node includes 3 genes down-

regulated in spch-5 that correspond to the whole family of Aurore Kinases (AUR1, AUR2 and 
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AUR3), which phosphorylate HISTONE H3 at Ser-10 (Kawabe et al., 2005). Functional analysis 

showed their implication in cell division plane orientation in different cell types, including 

stomatal lineage cells (Van Damme et al., 2011). Finally, GO analysis showed an enrichment in 

other process that comprise both up- and down-regulated genes in spch-5. In this group (Fig. 

19C) we found responses to hormones, some of which have been previously linked to stomatal 

development (Gudesblat et al., 2012b; Kim et al., 2012; Khan et al., 2013; Tanaka et al., 2013; 

Balcerowicz and Hoecker, 2014). No over-representation of genes for metabolic process was 

found, supporting the impression that the general physiology of spch-5 is not significantly 

different from the wild-type at this early seedling stage. 

 

 

Figure 18. Quantitative PCR for microarray validation. Gene expression data in the microarrays (orange 
bars) were validated by quantitative RT-PCR (green bars) for 10 genes related to stomata development or 
brassinosteroids pathway, selected in pairwise comparisons between genotypes and BL treatments. A) 
non-treated spch-5 vs Col-0; B) non-treated SPCHPPP vs Col-0; C) BL-treated vs control spch-5; D) BL-treated 
vs control SPCHPPP. UBIQUITIN10 and ACTIN2 served as reference genes. The Log2 fold change of the qPCR 
expression data was calculated and represented. The results of qPCR were averaged from three (or two 
in the case of SPCHPPP) independent experiments, with the error bar indicating the standard error of the 
mean. 
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Figure 19. Biological processes over-represented in the spch-5 DEG. Genes differentially expressed in 
spch-5 as compared to Col-0 were analyzed with Gene Ontology (GO) term enrichment using ClueGO. 
Circles represent GO categories and lines depict relationships between nodes. Only the main categories 
enriched in genes DE in spch-5 and the main nodes involved in them are shown. Nodes containing down-
regulated genes are in green; nodes containing both up and down-regulated genes are in grey; no nodes 
containing only up-regulated genes were found in the analysis.  Node size is relative to its p value as shown 
in the inset. A) cell division and expansion; B) stomatal and epidermal development; C) hormonal 
responses; D) histone kinases. 

 

Classification of the genes DE in spch-5 

To classify the spch-5 DEG into meaningful categories, we chose a reiterative dichotomous 

scheme based on the application of consecutive criteria related to the nature and behaviour of 

the genes (Fig. 20; see below). First, genes could be up- or down-regulated in spch-5 as 

compared to Col-0; second, they could be or not SPCH targets; third, genes could correct or not 

their expression (reverting to wild-type levels) after the addition of BL.   
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Figure 20. Strategy for classification of genes differentially expressed in spch-5. A reiterative 
dichotomous sorting scheme was used to classify the spch-5 DEG (Supplementary Table ST2) in 8 
categories. The first criterion sorted genes in up (green) and down (red)-regulated groups. The second 
criterion was belonging or not to the group of SPCH targets as defined by Lau et al., 2014. The third 
criterion was if BL treatment affected gene expression in the direction of restoring (indicated by red-to-
green and green-to-red color changes) or not (no color change) the values to the wild-type ones. The right 
side of the drawing shows the table containing the genes in each category; some stomata development 
genes are also listed by name. Numbers inside each arrow are the genes belonging to each category. 

 

After the first dichotomous classification, we found 1,476 up- and 1,559 down –regulated genes 

in the spch-5 differential transcriptome, with fold-changes (FC, hereafter) ranging between -13.4 

and 16.2 (Supplementary Table ST2). These genes included know stomatal regulators that act 

upon specific stomatal lineage cell types, covering all different developmental stages from 

lineage initiation to guard cell differentiation. Notably, EPF2, whose expression in Col-0 is highly 

restricted to short-lived, specific meristemoid stages (Hara et al., 2009), was the highest down-

regulated gene in spch-5. Likewise, several stomatal factors with specific or preferential 

expression in stomatal linage cells showed a reduced expression in spch-5. This reduction was 

especially notable for TMM, POLAR and FAMA (FC between -8.4 and -5.2) and moderate for 

others like EPF1, SPCH, BASL, SDD1, MUTE, ICE1 and SCRM2 (FC between -3.7 and -1.6). 

Moreover, no known stomatal regulators appeared among the genes up-regulated in spch-5. 
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Transcripts for several stomatal factors with broad expression in developing seedlings showed 

similar abundance in mutant and wild type transcriptomes; this was the case of STOMAGEN, 

ERECTA, genes coding for SERK-family receptors (SERK1, 2, 3 and 4) and the entire set of genes 

encoding components of the stomatal MAP kinase module (MPK3, MPK6, MKK4, MKK5, MKK7, 

MKK9 and YODA).  

We also looked at other genes previously reported to be expressed in stomatal lineages, 

although their precise functions are still unknown. As stated by Pillitteri et al. (2011), AT2G40670 

(ARR16), AT1G33930 (protein with a GTP-binding motif), AT3G17640 (LRR protein), AT1G26600 

(CLE9), AT5G07280 (EMS1) and AT5G62210 (ESP3) are expressed in stomatal lineages. All of 

them were down-regulated in spch-5, particularly AT1G33930 and CLE9, with fold changes of -

5.09 and -5.73, respectively. We also asked if FAMA-regulated genes (Hachez et al., 2011) were 

differentially expressed in spch-5. Guard cell-expressed genes AT1G03440 and AT3G57600, as 

well as FAMA, showed down-regulation, what could be a direct consequence of the low stomata 

numbers of the mutant as compared Col-0. Another gene, HOTHEAD (HTH), recently described 

as a putative positive regulator of stomatal development (de Marcos et al., 2015) because the 

hth mutant displays a reduction in stomatal numbers, also showed a notable down-regulation 

(FC of -2.63) in spch-5 vs Col-0 pairwise comparison, reinforcing the involvement of HTH in 

stomatal development. Several transcription factors whose overexpression triggers epidermal 

and/or stomatal aberrations were identified by de Marcos et al. (2015) in a screening of the 

TRANSPLANTA  collection of lines conditionally expressing TFs (Coego et al., 2014). We found 

that some of these transcription factors are up-regulated in spch-5 compared to Col-0 

(AT1G29160, AT3G16770, AT4G39070 and AT5G25810) and others are down-regulated 

(AT4G34000 and AT5G60890). One of the gene clusters proposed by de Marcos et al. (2015) to 

sort the transcriptomic data of stomataless mutants and Col-0, contains 111 genes potentially 

involved in stomatal development, of which 110 were available in our microarray analysis. This 

list derived from a cluster of genes whose expression peaks at mute-3 samples where the 

stomatal lineages are still active as compared to spch-3 (no lineages) or Col-0 (no developing 

lineages) plants. Among these potential developing lineages-specific genes, 25 are DEG in spch-

5 (23%), when 0.3% was expected by random hits. In this list are EPF2, TMM and HTH, as 

mentioned before, and also PDF1, involved in epidermis development (Abe et al., 1999). Taking 

together, all these data indicate that our differential spch-5 transcriptome provides molecular 

support for the epidermal phenotype of this mutant, and probably contains other genes 

involved in stomatal development that have not been described as yet.  
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We also examined the spch-5 DEG list for BR-related genes (see Supplementary Table ST3). As a 

control of the BL treatment, we checked if the changes elicited in Col-0 matched those described 

for high-confidence BL-regulated genes (Nemhauser et al., 2006). In Col-0 plants, BL treatment 

increase the transcripts for AT5G50335, AT5G25190, AT5G37770 and AT2G43290 with FC above 

2 in all the cases. Conversely, genes such as AT1G76240, AT4G16670 and AT5G57785 were 

down-regulated (FC under -2). Thus, we are confident that our experimental conditions allow 

detection of previously described BL-dependent changes in transcript abundance. 

Brassinosteroid biosynthesis and signalling genes regulated by SPCH (Lau et al., 2014) were not 

transcriptionally affected in the mutant. BIN2, CPD, BIM2, BZR1, BES1, BEH1, BEH2, BEH3 and 

BEH4 expression remains unaltered in spch-5 (Supplementary Table ST3). Key components of 

the biosynthesis pathway (DWF1, DET2, DWF4, ROT3, CYP85A1 and CYP85A2) (Chung and Choe, 

2013), are not differentially expressed in spch-5, as well. Only the receptor BRI1 is slightly down-

regulated (-1.54 of FC; p-value: 0.05; Supplementary Table ST3) but overall we can state that 

spch-5 mutation impacts BR-related gene networks in a very specific way, rather than producing 

a general effect. 

 

DEG in spch-5 include both SPCH-target and non-target genes 

In the second filtering step (Fig. 20), we sorted the genes DE in spch-5 on the basis of being -or 

not- potential high-confidence targets of SPCH, a transcription factor and predicted DNA-binding 

protein. Recent ChIP-seq studies provided an extensive list of such candidate targets for SPCH- 

binding (Lau et al., 2014), a subset of which (1,517 genes termed ‘high-confidence’ targets) are 

the most likely to respond transcriptionally to the binding of SPCH to their genomic regulatory 

sequences. Because the lesion in spch-5 suggests an altered DNA-binding potential, these data 

became highly relevant for exploring SPCH-5 functions. Within the spch-5 DEG set containing 

3,035 genes, we found 273 high confidence SPCH direct targets, 102 up- and 171 down-

regulated. Therefore, nearly 18% of the SPCH targets are differentially expressed in spch-5, a 

proportion much higher than the 4.2% expected by random hits. Presence of up and down-

regulated SPCH targets in spch-5 agrees with previous observations indicating that SPCH may 

activate or repress its targets (Lau et al., 2014). Moreover, the fact that many of the deregulated 

SPCH targets showed increased transcript abundance while stomatal lineages are scarce in spch-

5 support that their differential expression arise from SPCH-5 defects on transcriptional 

regulation by direct binding. For SPCH targets with diminished expression levels, dilution effects 

in spch-5 samples may also contribute to the observed down-regulated profile. 
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BL restores spch-5 expression levels of specific genes to wild-type levels 

Because the capacity of BL to partially rescue the mutant spch-5 phenotype was intriguing, our 

third filtering step asked about the capacity of BL to change gene expression when included in 

the growth medium. If the answer is positive, it means that the genes down-regulated in spch-5 

would show up-regulation in the (spch-5+BL) vs (spch-5+DMSO) comparison, and vice versa. 

These two filters (SPCH-high confidence targets and BL-mediated restoration of spch-5 

expression to a Col-0 level), plus the first classification of the DEG between up and down-

regulated, generated 8 gene lists with different trends and characteristics (Supplementary 

Tables ST 4-11). As stated before (see above; Supplementary Table ST2), stomatal genes are 

mostly repressed in spch-5, and therefore they appear in the green categories (Fig. 20 and 

Supplementary Tables ST 8-11). Among the genes down-regulated in spch-5, we first looked at 

those whose low expression levels are corrected by BL (Supplementary Table ST8 and ST10). 

Some of these genes, such as MUTE and FAMA (Ohashi-Ito and Bergmann, 2006; Pillitteri et al., 

2007) or the guard cell-specific potassium channel protein-coding KAT1 (Li et al., 1998) are 

mainly expressed at late stages of stomatal development. Moreover, growth of spch-5 in BL 

corrected the expression levels of 32 up-regulated (Supplementary Table ST4) and 57 down-

regulated (Supplementary Table ST8) SPCH-targets. Among the ST8 group, SPCH targets whose 

lower expression in spch-5 is restored by BL, are SPCH and the stomatal genes MUTE, SCRM2, 

TMM, ERL1 and BASL. The increase in their transcript levels under BL matches the BL-mediated 

increase in stomatal numbers in spch-5 reported in this study. Notably, the treatment with BL 

had not effect on the expression of most SPCH-targets that were deregulated in spch-5. 

Particularly relevant are the 114 SPCH-targets belonging to the ST9 group; these are the SPCH 

targets whose lower expression in spch-5 is not restored by BL even though the number of 

stomata largely increased with the BL treatment. The ST9 group includes genes encoding 

important stomatal regulators such as EPF2, POLAR, SDD1, ICE1 and HTH. Fig. 21 shows the 

expression profile of representative SPCH-targets in ST8 and ST9 groups. 
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Figure 21. Comparative expression profiles for the BL response of SPCH target genes DE in spch-5. In a 
heat map format are represented the SPCH target genes whose expression in spch-5 was: A) rectified by 
BL treatment (Supplementary Table ST8); B) not rectified by BL treatment (Supplementary Table ST9). In 
both panels known stomatal development regulators are indicated by gene name. Z-score normalized 
Log2 gene expressions are shown for non-treated Col-0 and spch-5 plants (DMSO controls), and for BL-
treated spch-5 plants. Note that only in A the columns corresponding to control Col-0 and BL-treated spch-
5 show similar expression tendencies, opposed to the column of non-treated spch-5. Color key is indicated 
beneath both heat maps. 

 

Functional basis for the BL-effect 

We consider that the BL-dependent reduction in the spch-5 stomatal clustering phenotype is an 

important finding, and our transcriptomic analysis provides a molecular phenotype to explore 

genes potentially underlying this BL effect on spch-5. According to the microarray data, the 

clustering phenotype reversion could be a consequence of the increase in BASL levels shown in 

the Supplementary Table ST8. This gene is down-regulated in spch-5 (FC of -2.99) but its 

expression increases 2.5-fold when the plants are grown in BL-containing medium. Recover of 

proper stomatal patterning in spch-5 under BL could also be a consequence of the higher levels 

of TMM and EPF1 transcripts found when BL is added to the medium, since the lack of these 

regulators is known to cause stomatal clustering (Yang and Sack, 1995; Hara et al., 2007). In 
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addition, TMM and BASL promoters are direct SPCH targets (Lau et al., 2014), so these genes are 

good candidates to consider as genes involved in the BL responses of spch-5. Since the 

asymmetry defects in spch-5 that we identified (Fig. 7) are similar to those reported for basl 

knock-down alleles (Dong et al., 2009), we decided to explore the implication of BASL in the 

spch-5 phenotype. When we introduced in spch-5 plants the construction BASLpro::GFP-BASL, 

which reports the localization of the BASL protein, we barely detected any GFP marks (Fig. 22B) 

and only found a faint expression in stomatal lineage cells when over-enhancing the excitation 

laser (Fig. 22 E and F). In contrast, the same construct in Col-0 background rendered the 

expression profile previously reported for this marker (Dong et al., 2009), with easily detectable 

GFP in the nucleus of meristemoids or the periphery of a sister cell after division (Fig. 22 A, C 

and D).  

Since spch-5 barely accumulates BASL (at least in the absence of BL), we expected that its 

stomatal patterning defects be similar to those of a spch-5;basl-null double mutant. To 

genetically test this prediction, we generated the spch-5;basl-2 double mutant. The basl-2 

mutant shows an epidermal phenotype of increased density of stomata, some of which are in 

small-size clusters, as well as very abundant and clustered small lineage cells. As hypothesized, 

the double mutant behaved as the single spch-5 mutant in terms of stomatal clustering (Fig. 22 

H, I and K). Furthermore, the spch-5;basl-2 double mutant lacked the additional small epidermal 

cells expressing linage markers that are typical of basl-2 mutants (Dong et al., 2009) and, in 

consequence, the double mutant showed the same SI than spch-5 (Fig. 22G). Thus, the spch-5 

phenotype is epistatic to that of basl-2 in terms of both polarity defects in ACDs and 

hyperproliferation of stomatal linage cells.  Moreover, BL addition to the medium induced an 

increase in SI in the double mutant with the same magnitude as observed for spch-5 (Fig. 22 G, 

J and L). In contrast, BL treatment did not reduce stomatal clustering in the double mutant (Fig. 

22H), while in BL-grown spch-5 plants clustering was significantly lowered. This suggests that the 

partial alleviation that BL elicits on spch-5 stomatal clustering requires BASL function, while the 

BL-dependent increase in SI does not.  
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Figure 22. BASL is required for the BL-mediated correction of patterning defects in spch-5. A-F) confocal 
images of adaxial cotyledon epidermis from 5 days-old seedlings stained with PI (red) for visualization of 
cell outlines. GFP (green) marks BASLpro::GFP-BASL expression. C-F) magnified views taken from A and B. 
Scale bar: 100 µm in A and B and 20 µm in C-F. G) Stomatal index and H) clustering percentage in the 
abaxial cotyledon epidermis of 23 days-old plants grown in BL (purple bars) or DMSO as a mock treatment 
(grey bars). Error bars: standard error. Asterisks denote p-value < 0.05 (t-test) in BL treatment compared 
to the control medium. No statistically different is denoted as n.d. I-L) DIC images representative of the 
plants used in G and H. Stomata are highlighted in purple and clusters denoted by brackets. Scale bars: 50 
µm.  

 

One of the most striking findings of our microarray analysis was the strongly depressed 

expression of EPF2 in spch-5. Transcript reduction (FC of -13.4 compared to Col-0) cannot be 

assigned exclusively to the low occurrence of stomatal lineages in spch-5. EPF2 acts a negative 

regulator in the stomatal development pathway (Hara et al., 2009). Since EPF2 transcription is 

directly regulated by SPCH (Lau et al., 2014; Horst et al., 2015), and since EPF2 transcripts were 

almost absent in spch-5, we hypothesized that EPF2 expression could be strictly dependent on 

the integrity of the DNA-binding domain of the SPCH protein, compromised in spch-5. To better 

understand whether EPF2 function is absent in spch-5, we generated the spch-5; epf2-3 double 

mutant. This genetic interaction analysis confirmed that the spch-5 genetic background behaves 

as null for the EPF2 function. Single and double mutants display statistically undistinguishable SI 

values (Fig. 23), confirming the microarray data that suggested that EPF2 levels could be below 
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a functional threshold. It is worth noting that spch-5 confers an epistatic effect to the over-

proliferative epf2-3 phenotype. As observed for basl-2, the presence of the spch-5 mutation 

inhibits the formation of the abundant arrested linage cells typical of epf2-3 (Hara et al., 2009). 

When we grew the plants in BL-supplemented medium, both spch-5 and the double mutant 

responded by increasing SI (Fig. 23). Since, contrary to what we described for BASL (see above), 

BL treatment did not restore EPF2 expression levels (Fig. 20 and Supplementary Table ST9) but 

alleviated the mutant phenotype even in the spch-5;epf2-3 double mutant, we can establish that 

the BL effect on spch-5 is independent of EPF2 function. Other SPCH targets whose lower 

expression in spch-5 was not restored by BL are POLAR, SDD1 or ICE1. Although they are SPCH 

targets, their expression in spch-5 was unaltered by BL treatment, even though this treatment 

increased SPCH-5 protein stability (Fig 16I). As stated for EPF2, it is predictable that these genes 

and other genes included in gene sets ST5 and ST9 (Fig. 20), are probably not involved in the BL-

mediated alleviation of spch-5 phenotype. On the contrary, SCRM2, MUTE, ERL1, TMM and 

other genes listed in ST4 and ST8 are, like BASL, candidates to having some role in this alleviation.  

 

 

Figure 23. Genetic interactions between spch-5 and epf2-3. A-D) DIC images of abaxial cotyledon 
epidermis from 23 days-old plants grown with BL (B, D) or in control DMSO medium (A and C). spch-5 (A 
and B) and spch-5;epf2-3 (C and D) are shown. Scale bar: 100 µm. Stomata are marked in purple. E) 
Quantification of the qualitative epidermal phenotypes shown in panels A-D, as stomatal sndex 
measurements. BL treatment is denoted by purple bars and DMSO controls are in grey. No differences at 
a 5% of significance level (t-test) is indicated as n.d when comparing single and double mutant in each 
treatment. Error bars: standard error.  
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SPCHPPP and spch-5 confer partially shared transcriptomic signatures  

Since the SPCH-5 protein carries a lesion that may compromise its DNA-binding capacity, we also 

analyzed the transcriptome of a SPCHPPP-complemented spch-3 line to identify gene expression 

changes distinct of spch-5 or common to the two SPCH variants. This SPCHPPP line showed an 

anatomical phenotype very similar to spch-5 but, distinctively, it had a lower stomatal clustering 

than spch-5 and did not respond to BL with phenotypic alleviation (see above; Fig 16).   

From the 3,035 DEG in spch-5 compared to Col-0, approximately one third (955 genes) displayed 

the same deregulation trend in the SPCHPPP vs Col-0 comparison (see Fig. 24),  accounting for 

41% of the down-regulated (Fig. 24B) and 27% of the up-regulated genes in spch-5 (Fig. 24A). 

For further analysis, we focused on the downregulated SPCH targets in either spch-5 or SPCHPPP 

genotypes as they may better inform on their common and specific DNA-binding dysfunctions.  

 

 

 

 

 

 

 

 

 

 

Figure 24. Comparative transcriptomic analysis of 
SPCHPPP and spch-5. Venn diagrams show the intersection 
of all genes differentially expressed in each genotype. A) 
Genes up-regulated as compared to Col-0. B) Genes 
down-regulated as compared to Col-0.  Note that there 
are common as well as genotype-specific genes. 

 

Downregulated SPCH targets in SPCHPPP were classified according to whether their lower 

expression was restored (group ST8-SPCHPPP in Supplementary Table ST8) or not restored by BL 

(group ST9-SPCHPPP in Supplementary Table ST9), and compared with the equivalent ST8 and ST9 

groups previously extracted for spch-5 (see Fig. 20), hereinafter referred as ST8-spch-5 and ST9-

spch-5 groups.  Consistent with the fact that BL mediates the increase of stomatal numbers only 
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in spch-5, most genes in the ST8-spch-5 group were found to be spch-5 specific (Fig. 25 A and C). 

This was the case for all the stomatal genes in this group (SPCH, MUTE, SCRM2, TMM, ERL1 and 

BASL). It is worth to mention the distinct behaviour of BASL in the two genotypes. BASL is down-

regulated in spch-5, both in microarray data (see Fig. 25C) and in qPCR experiments (Fig. 18 A 

and B). However, BASL showed wild-type levels in SPCHPPP lines as measured by both techniques. 

This could explain why the SPCHPPP-complemented plants showed a very mild clustering 

phenotype that was not restored by BL treatment (Fig. 16B). In contrast to ST8-spch-5 genes, 

half of the ST9-spch-5 genes behaved similarly in ST8-SPCHPPP (Fig. 25 B and D), suggesting that 

their proper expression is strictly dependent on the integrity of the DNA-binding domain. The 

only known stomatal gene found in this list was EPF2. Transcripts for this gene are dramatically 

decreased in the SPCHPPP-expressing line in microarray (FC of -13.3 compared to Col-0; see 

Supplementary Table ST9) and qPCR data (Fig. 18B). These values are similar to those found for 

spch-5, as we mentioned before (see Supplementary Table ST9 and Fig. 18A). Hence, this list 

could be very useful to find novel genes that, as EPF2, depend on an intact DNA-binding domain 

of the SPCH protein. 

Future analysis of these gene lists derived from our microarray experiment with a focus on 

proteins of unknown functions and/or not previously related to stomata development could 

help to find novel players of the developmental process governed by SPCH. 
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Figure 25. Comparative expression profiles for the BL response of SPCH target genes DE in spch-5 and 
in SPCHPPP. A) Venn diagram for SPCH targets whose down-regulation is restored by BL treatment in spch-
5 (ST8-spch-5 in Supplementary Table ST8 from Fig. 20) and in SPCHPPP (ST8-SPCHPPP in Supplementary 
Table ST8), highlighting in purple that 47 out of 57 genes are exclusive genes for spch-5. B) Venn diagram 
for SPCH targets whose down-regulation is not restored by BL treatment in spch-5 (ST9-spch-5 in 
Supplementary Table ST9 from Fig. 20) and in SPCHPPP (ST9-SPCHPPP in Supplementary Table ST9). Orange 
marks genes commonly regulated in the two genotypes. C, D) Heat maps representing changes in gene 
expression for the sectors highlighted in A and B. In both panels known stomatal development regulators 
are indicated by gene name. C) SPCH target genes showing a low expression pattern that is corrected by 
BL exclusively in spch-5 and not in SPCHPPP. D)  SPCH target genes whose low expression is unaffected by 
BL both in spch-5 and SPCHPPP. C and D represent Z-score normalized Log2 gene expression for non-treated 
Col-0, spch-5 and SPCHPPP plants (DMSO controls), and for BL-treated spch-5 and SPCHPPP plants. Note that 
only in C the columns corresponding to control Col-0 and BL-treated spch-5 show similar expression 
tendencies, opposed to the column of non-treated spch-5. In D, note the down-regulation trend in spch-
5 and SPCHPPP in control and BL treatments. Color key is indicated beneath both heat maps. 
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Discussion 

spch-5 is a hypomorphic mutant with regional specificities  

In this work, we present spch-5, the first mutant allele of SPCH affecting the bHLH at the DNA-

binding domain. Genetic evidence indicates that spch-5 behaves as partial loss-of function or 

hypomorphic allele in flat organs (cotyledons and leaves) and inflorescence stems, where it 

confers a drastic reduction of stomatal numbers while leading to moderate stomatal clusters. 

However, the spch-5 mutation completely precludes stomata formation in hypocotyls, and 

therefore in this organ spch-5 apparently acts as a null allele. The singularity and complexity of 

the stomatal phenotype, together with the normal growth and fertility of spch-5 plants makes 

this mutant a highly valuable tool for the discovery of novel SPCH functions and mechanisms, 

which have remained elusive throughout the study of null SPCH mutants and transgenic 

genotypes. 

 

The low stomatal abundance of spch-5 results from reduced asymmetric cell divisions in 

stomatal lineages 

SPCH functions include the promotion of entry, amplifying and spacing asymmetric cell divisions 

(ACDs) in stomatal lineages (MacAlister et al., 2007). In spch-5 leaves, stomata form according 

to the normal sequence of ACDs, albeit the frequency of the different type of division is affected 

differentially. spch-5 shows a reduced ability to execute entry divisions, even though expression 

of SPCH-5-GFP is detectable in a wealth of small epidermal cells at early leaf developmental 

stages. This indicates that SPCH-5 accumulates in protodermal cells, but often fails to trigger the 

transcriptional changes that set the MMC stage, the first cell type committed to enter the 

stomatal linage. Entry divisions are particularly affected in cotyledons, whose adaxial epidermis 

show a severe phenotype with stomata almost absent. Moreover, once meristemoids form, 

SPCH-5 does not efficiently promotes their reiterated amplifying divisions and spch-5 

meristemoids prematurely differentiate into GMCs. Since SPCH is essential for maintaining the 

self-renewal capacity of the meristemoid (Robinson et al., 2011), our results evidence that this 

function is partially defective in spch-5. The meristemoid-to-GMC transition appears to be 

related to a decay in SPCH expression and presumably SPCH activity in late meristemoids, which 

is concurrent with the appearance of MUTE expression (Davies and Bergmann, 2014). SPCH-5 

may therefore be inefficient in maintaining MUTE expression below its functional threshold, 

allowing premature MUTE expression and driving meristemoids to prematurely exit ACDs cycles 

and differentiate into stomata.  
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In contrast, the frequency of the spacing divisions that initiate satellite lineages is not affected 

in spch-5. Both entry and spacing divisions are specialized stomatal lineage-initiation events. In 

this view, they involve the adoption of MMC identity by distinct cell types (protodermal cells for 

entry divisions or young SLGCs for spacing divisions), which likely differ in the negative context 

that they impose to the SPCH initiating function. In fact, it is know that these two processes are 

under distinct genetic control, as some genes have been reported to specifically control 

satellisation (Kutter et al., 2007; Yang et al., 2014) and the two processes present independent 

variation in natural Arabidopsis accessions (Delgado et al., 2011). Such particular developmental 

characteristics may account for the observed differences in linage-initiation activity of spch-5, 

which is sufficient in SLGCs but limiting in the protoderm. In addition, spch-5 transcriptional 

effects might favor the MMC fate in SLGCs, since they often show high expression levels of TMM 

(Fig. 7) that would attenuate repressive signals for spacing divisions. It remains to be tested 

whether late meristemoids in spch-5 produce low levels of the satellite inhibitory factors EPF1 

and SDD1, as suggested by their low transcripts abundance in spch-5 seedling samples (see 

below). 

We found that reduction in stomatal linage initiation and amplification divisions in spch-5 lead 

to a large decrease in total epidermal cell number, yet cotyledons and leaves reach a normal 

final area because pavement cells expand to a larger size than in wild type plants. This overall 

phenotype fits with the phenomenon called “compensated cell enlargement”, which results 

from the dynamic coordination between cell proliferation and expansion activities during leaf 

development (reviewed in Hisanaga et al., 2015). The unchanged leaf area of spch-5 indicates 

that this mutation triggers a “perfect compensation”, while most studied genotypes display a 

partial growth compensation (Ferjani et al., 2007). Interestingly, mutants in ERECTA also exhibit 

perfect compensation; in this case, the overproduction of stomata and other epidermal cells by 

excessive SPCH activity is coupled to a reduction in cell sizes (Tisne et al., 2011). Then, it appears 

that the young leaf senses directly or indirectly the changes in SPCH activity, eliciting fully 

compensatory mechanisms among organ growth variables. 

Besides the described defects in some ACDs, in developing spch-5 leaves we also observed a 

delay in the appearance of stomata, suggestive of a positive SPCH role in linage progression at 

early stages of leaf primordial development. While studying the genetic interaction of spch-5 

with different stomatal mutants, we found the same differentiation delay in the tmm-1 leaf 

primordium (de Marcos et al., 2016). In the next chapter, we will describe this tmm phenotype 

and discuss the implications of TMM in this novel regulatory pathway. 
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The clustering phenotype of spch-5 results from various defects in asymmetric cell divisions   

No stomata development mutants combining low stomatal numbers and stomata clustering 

have been described before, being clustering associated to high but not to low stomatal 

abundance. The formation of stomata in contact is also an unexpected feature for a low density 

mutant; however, among SPCH high confidence targets are several key pattern regulators, and 

therefore the appearance of stomatal clusters in the hypomorphic spch-5 mutant is not 

surprising. We made an effort to understand the developmental origin of these clusters, finding 

that they could be classified in three different classes of ontogenies. The most abundant were 

type I clusters, which involved lack of asymmetry in the stomata ACDs. We addressed the 

establishment of physical and fate asymmetry in the cell products of ACDs, finding that both are 

affected to some extent in the mutant (see results; Fig. 7). In Arabidopsis, only BASL (Dong et 

al., 2009) has been involved in the asymmetry of the stomatal divisions. In the epidermis, BASL 

is only expressed in meristemoids and young SLGCs, and the protein subcellular localization is 

highly specific and determinant for establishing the asymmetry between the two cell products 

of an ACD (see General Introduction; Fig. 3). BASL polarizes between the nucleus (meristemoid) 

and a discrete area at the cell membrane (SLGC), and the integrity of this protein is necessary 

for the uneven distribution of cell areas in daughter cells products of ACD. Mutants at this locus 

behave similar to spch-5 in terms of lack of asymmetry and consequently, cluster formation. In 

spch-5, BASL transcript levels are very low (Fig. 18) and we barely detect the protein at the 

cellular level as a GFP fusion derived from the construct BASLpro::GFP-BASL (Fig. 22) . Clusters 

type II and type III are not related to polarity defects in the ACDs but to failures in cell-to-cell 

communication. Although we did not perform an experimental contrast for the genes involved 

in the formation of these clusters as in the case of type I clusters, the microarray data suggest 

that low expression levels of patterning genes such as SDD1 might underlie this anatomical 

phenotype. 

 

The spch-5 phenotype is sensitive to amount and activity of the SPCH-5 protein 

We found that, in spch-5 cotyledons, the stomatal production depends on gene-dosage, both 

changing in parallel. Since equal changes in gene copy number of the wild type SPCH allele do 

not alter stomatal production (Kanaoka et al., 2008), our results suggest that the lineage 

initiation process is highly sensitive to the amount of the SPCH-5 protein. Supporting this notion, 

the number of stomata also increased when the SPCH-5 protein was stabilized, by BL treatment 

or by eliminating YODA signalling. While lack of YODA function also enhances the linage-

initiation activity of the wild type SPCH allele (Bergmann et al., 2004; Lampard et al., 2008), the 
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positive response to BL is a distinctive feature of SPCH-5. This is likely due to specific functional 

defects of the mutant protein rather than to the low stomata phenotype that it confers, as 

neither the related SPCHPPP variant nor the weak spch-2 mutation allowed for the BL-mediated 

stomata increase. YODA and brassinosteroids (BR) signalling pathways regulate SPCH 

degradation and/or activity by phosphorylating a number of SPCH amino acid residues, most of 

them targets of both pathways and some BR-specific (Lampard et al., 2008; Gudesblat et al., 

2012b). Although the biochemical consequences of combinatorial phosphorylation remain 

unknown, it seems plausible that the phosphorylation status of SPCH may also be important in 

modulating protein conformation, DNA-binding capacity or specificity, or interacting partners, 

and thus it would affect qualitatively its functional behavior (Davies and Bergmann, 2014).  

Recent work on the regulatory circuit operating at the initiation of stomatal linages (Lau et al., 

2014; Horst et al., 2015), have redefined the MMC as a cell that accumulates SPCH and its 

functional partners SCRMs above a certain threshold level (Han and Torii, 2016). For this to 

occur, SPCH is first widely expressed at high levels in the young protoderm, where basal levels 

of SCRMs are also present; then, likely as heterodimers, SPCH and SCRM directly bind to the 

promoter and upregulate the expression of SCRMs in the protoderm.  According to this model, 

stochastic noise will account for some protodermal cells achieving the above-critical amounts of 

SPCH needed to activate SCRMs and thereby acquiring a stomatal-linage character. In this view, 

it appears that the initiation activity conferred by SPCH-5 is below the required threshold in most 

spch-5 protodermal cells and, thus, increasing its amount or activity would overcome such 

limitation. Under this hypothesis, we would expect a low SCRMs expression in spch-5, and that 

the extra stomata formed by BL treatment in spch-5 plants will be associated with a higher 

SCRMs expression. Our transcriptomic analysis confirms both predictions: SCRMs are down-

regulated in spch-5 compared to Col-0, and they (particularly SCRM2) are up-regulated in spch-

5 by BL treatment. In the line harbouring the SPCHPPP variant SCRMs expression does not respond 

to BL, consistent with the inability of the BL treatment to increase stomata production. It would 

be interesting to address if BL-mediated phosphorylation could also modulate the interaction 

between SPCH-5 and SCRM/SCRM2. 

An intriguing question is why BL promotes stomatal development in spch-5 cotyledons (but not 

in other related mutant genotypes), whereas in the wild-type Col-0 this positive effect is 

restricted to the hypocotyl (Gudesblat et al., 2012b).  A tempting explanation stems from the 

fact that spch-5 lacks EPF2 function, even after BL treatment (see Fig. 21B and below).  First, the 

lack of EPF2 signaling would generate a SPCH-5 protein hypophosphorylated in residues target 

of the YODA pathway; this SPCH-5 phosphorylation status might be more sensitive to the BIN2-
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mediated hypophosprylation in residues target of BR established by the BL treatment, allowing 

quantitative and qualitative changes of SPCH-5 functionality for transcriptional regulation.  In 

addition, the absence of EPF2 in spch-5 will eliminate the negative-feedback loop that inhibits 

SPCH-SCRMs protein accumulation, and even a modest increase on SPCH-5 activity would be 

highly amplified. Regardless the presence or not of BL, the low stomatal production of spch-5 is 

related to an altered activity of SPCH-5 protein, as discussed in the previous paragraph.  

 

Figure 26. Proposed model for BL 
hypersensitivity in spch-5. In Col-0 (left) BL 
would mediate an increase of the SPCH 
repression through YODA while BIN2 
pathway decreases, resulting in a 
compensation of molecular net effects and, 
hence, undistinguishable phenotypes. In 
spch-5 (right), because EPF2 is functionally 
absent, YODA pathway would be limited 
even in the presence of BL. However, the 
hormone would repress the SPCH-5 BIN2-
mediated phosphorylation, leading to a 
specially hypophosphorylated state that 
could partially overcome the functional 
limitations of the SPCH-5 protein.  

 

Although the line expressing SPCHPPP has also very low levels of EPF2 transcript, it does not 

respond phenotypically to BL as seen for spch-5, raising the possibility that SPCH-5 retains partial 

bHLH activity that could be improved by BL, while SPCHPPP would be null for this activity. 

Alternatively, the differences between the two lines  might be due to differences between the 

regulation of the expression of the endogenous SPCH locus and the regulation sustained by the 

SPCH promoter we used for transgene expression. It has been proposed that SPCH regulates the 

expression of several genes involved in BR biosynthesis and signaling (Lau et al., 2014). We found 

no evidence that SPCH-5 be altered in such regulation, as the transcriptomic data indicate a 

similar signature for these genes in Col-0 and spch-5.  

It is worth mentioning that the phenotype of the spch-5;yoda-10 double mutant indicates that, 

even in the absence of EPF2, YODA is at least partially active in spch-5. This is consistent with 

YODA and downstream MAPKs acting as a signaling hub for diverse endogenous and exogenous 

stimulus converging on SPCH (Wang et al., 2007; Colcombet and Hirt, 2008; Popescu et al., 

2009).    
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BL treatment not only enables spch-5 cotyledons to produce more stomata but also alleviates 

its stomatal patterning defects. Our genetic and expression data are consistent with low or no 

expression of BASL causing the asymmetry defects on ACDs that produces nearly half of the 

stomatal cluster in spch-5 (type I clusters); stomatal clustering alleviation by BL was dependent 

on BASL function and associated with the restoration of normal levels of BASL expression. 

Considering that BASL is a direct target of SPCH, this implies that BL rescues the SPCH-5 

dysfunction on activating BASL transcription.  Our results support the previous proposal of a 

potential role for BR perception in stomatal patterning based on the observation of mild 

stomatal pairing in the bri1 mutant (Gudesblat et al., 2012b). Moreover, we provide evidence 

for a general positive role of BRs on stomatal development in cotyledon, in agreement with the 

reported observation that BRs promote stomatal formation in hypocotyl (Gudesblat et al., 

2012b). These and ours findings are in contrast with a different work reporting a repressive role 

of BRs on stomatal development in cotyledons (Kim et al., 2012). The explanation provided to 

date about such conflicting reports is based on the different organs affected: in hypocotyls BR 

would promote stomata development but in cotyledons BR would repress it (Casson and 

Hetherington, 2012; Gudesblat et al., 2012a; Han and Torii, 2016). Different growth conditions 

and genotypes have also been suggested (Gudesblat et al., 2012a) and since our results refer to 

a positive role of BR in cotyledons, this last interpretation fits better with our findings. 

However, BL treatment does not fully eliminated the stomatal clusters produced in spch-5 

presumably because defects causing miss-orientation of ACDs between and within lineages 

(types II and III) are not susceptible to BL-rescue. Interestingly, spch-5 weakly expresses SDD1 -

whose loss-of-function mutant produces stomatal clusters because of a relaxed control of the 

cell division orientation (Berger and Altmann, 2000; von Groll et al., 2002). We found that BL 

treatment did not increase SDD1 expression levels, suggesting that a reduction of SDD1 

function might be responsible for this part of spch-5 stomatal clustering.  

 

Molecular basis of the spch-5 phenotype 

A recent study using a ChIP-seq approach reported that SPCH associates in vivo with nearly one 

third of the Arabidopsis genes, with most of its binding sites located in proximal gene promoters 

and showing a significant enrichment for the E-box motif variant CDCGTG (Lau et al., 2014). 

Nevertheless, the biochemical demonstration of SPCH ability for direct interaction with specific 

DNA-sequences remains elusive to conventional in vitro or heterologous system assays. This and 

the observation that a transgene expressing a SPCH variant lacking the critical bHLH residues for 

DNA-binding (SPCHPGG) was able to direct stomata production in a spch-3 background, posed the 
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question on whether the SPCH transcriptional regulatory activity required direct DNA-binding 

through its bHLH domain (Davies and Bergmann, 2014).  The spch-5 mutation reported here 

unveils the implication of the SPCH´s bHLH domain in the regulation of a number of stomatal 

developmental processes.  Moreover, the spch-5 phenotype strongly supports that SPCH is a 

DNA-binding transcription factor since, to our knowledge, no activity other than DNA-binding 

has been reported for the bHLH basic region where the spch-5 mutation locates. 

Given that a fraction (~18%) of the high-confidence SPCH targets are differentially expressed in 

spch-5, the mutation in the SPCH-5 protein may reduce its efficiency in regulating the expression 

of a subset of SPCH target genes. However, spch-5 expressed normal levels of most these target 

genes, suggesting that SPCH does not require the complete bHLH function for some in vivo 

activities. This might explain why stomata formed in spch-5 plants, as well as in our spch-3 lines 

expressing SPCHPPP or in the previously reported SPCHPGG (Davies and Bergmann, 2014). From 

this on, it appears that SPCH regulates the transcription of its target genes by mechanisms 

differing from those used by MUTE, reported to function in full without its DNA binding motif 

(Davies and Bergmann, 2014), or FAMA, whose function strictly requires DNA-binding residues 

(Ohashi-Ito and Bergmann, 2006).  It has been proposed that these bHLH domain-independent 

activities may be enabled by interaction with specific partners, such as SCRMs, which may recruit 

SPCH and MUTE to regulatory regions of target genes (Han and Torii, 2016).  Since we observed 

that SPCH-5 retained wild-type dimerization abilities with SCRMs in yeast and in planta, this 

alternative mechanism might explain SPCH-5 ability for regulating most SPCH gene targets. 

Our transcriptomic data provide molecular phenotypes that may be the support of such 

different mechanisms in SPCH functions. Among the genes de-regulated in spch-5 that are 

targets of SPCH (Fig. 20) must be some whose transcription depends on the integrity of the bHLH 

domain. Two of these genes are BASL and EPF2, both implicated in the spch-5 phenotype (Figs.  

22 and 23), and therefore other genes with the same behavior are probably included along with 

them. Furthermore, those genes whose expression depend on the integrity of the DNA-binding 

domain can be split in two groups: those whose expression is reversed by BL (like BASL) and 

those that do not (as EPF2). Possibly these differences are rooted in distinct mechanisms in their 

SPCH-mediated regulation. There are many possibilities for these different mechanisms, ranging 

from differences in cis-elements or chromatin context to different affinity for various partners 

in heterodimer formation. We explored if the promoter regions of the two gene classes showed 

differential enrichment in sequence motifs that may act as cis elements, finding no conclusive 

results (not shown). Conversely, SPCH targets not differentially regulated in spch-5 would 

include those that rely on bHLH domain-independent activity of SPCH.  
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The transcriptional signatures of spch-5 and SPCHPPP-expressing line show only a partial overlap 

in SPCH targets. As discussed above, SPCH-5 might retain partial bHLH-dependent activity while 

SPCHPPP might be null, or the differences may stem from differences in the expression of the 

transgene. Other possibility relates to the reported MUTE-like activity of SPCH versions mutated 

in the bHLH domain (Davies and Bergmann, 2014). While SPCH-5 does not display such MUTE-

like activity since the double mutant spch-5;mute-3 does not form stomata (Fig. 8), SPCHPPP 

might, like SPCHPGG (Davies and Bergmann, 2014), do so to some extent, what could be reflected 

in the different transcriptome of this SPCHPPP line. 

 

Hypocotyls do not produce stomata in spch-5 

One of the striking features of spch-5 plants is that they do not produce any stomata in the 

hypocotyl, and very few in other cylindrical organs. This phenotypic feature is not corrected by 

BL treatment, and it is also shared by the SPCHPPP-complemented spch-3 line. These facts 

indicate that lesions in the DNA-binding domain of SPCH differentially affect different organs, as 

the mutations are hypomorphic in cotyledons and leaves but null in hypocotyls. The adaxial 

epidermis of spch-5 cotyledons and third leaves also show a much more extreme expression of 

the low stomatal production phenotype. All together, these observations suggest that some 

regional contexts that are less favorable for stomata production (adaxial sides, hypocotyls) also 

show a more severe phenotype in spch-5. This restriction must be particularly strong in 

hypocotyls, since BL treatment of spch-5 plants did not restore stomatal production in this 

organ, in spite of being the organ where BR have been reported to promote stomata formation 

(Gudesblat et al., 2012b). 

A very similar region-specific expression of the phenotype has been described for the tmm 

mutant years ago (Yang and Sack, 1995). The original interpretation that tmm hypocotyls were 

defective in stomatal initiation was corrected later (Bhave et al., 2009), as it was demonstrated 

that meristemoids were indeed formed but they could not complete the developmental 

pathway and de-differentiated to non-stomatal cells. In spch-5 this does not seem to be the case, 

because the lineage markers TMMpro::GFP (not shown) and SPCHpro::SPCH-5-GFP (Fig. 13) 

were not expressed in hypocotyls, even at early developmental stages. Therefore, spch-5 

hypocotyls do not seem to be able to execute entry divisions to initiate stomatal lineages.  

The similarities between tmm and spch-5 mutants extend to other developmental features. Like 

spch-5 (Fig. 5I), the third leaf primordium of tmm shows a remarkable delay in the formation of 

mature stomata (de Marcos et al., 2016). As stated above, we will present and discuss this aspect 

in the following chapter. 
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Conclusions 

The main objectives of this Thesis have been approached, reaching the following conclusions: 

A. In relation to Objective 1, we obtained and examined the transcriptomes of the Arabidopsis 

mute and spch mutants, predicting novel stomatal regulators and describing molecular 

features of life in the absence of stomata. More specifically 

1. Both stomataless mutants shared sets of genes commonly regulated. Down-regulated 

genes relate to nitrogen, sulphur and secondary metabolism and include few but crucial 

photosynthesis genes. Chlorophyll fluoresce imaging confirmed a limited but 

measurable photosynthesis in these plants without stomata. 

2. The list of mute-3-specific up-regulated genes includes several related to stomatal 

development and constitutes a source for the discovery of new genes involved in this 

process. Reverse genetics allowed us to ascribe a putative role in the process for 

HOTHEAD, since its loss-of-function confers low stomatal production. 

3. Almost 20 transcription factors differentially expressed in the mutants may be novel 

players in stomatal development, as their conditional overexpression induced aberrant 

stomatal or epidermal phenotypes.  

 

B. Regarding Objective 2, we progressed in the study of the first stages of stomatal 

development through the identification of a novel and informative SPCH allele, and the 

developmental analysis of the previously identified mutant tmm-1. More specifically, 

 

4. We isolated the spch-5 mutant, characterised by low stomatal density and clustering in 

flat organs, and complete lack of stomata in hypocotyls. The mutation affects a 

conserved amino acid in the basic region of the bHLH domain, which is predicted to be 

crucial for DNA-binding.  

5. Asymmetric cell divisions in the early stages of stomatal lineage development (entry and 

amplification divisions) are extremely compromised in spch-5. Compensatory effects 

that rely on enlargement of pavement cells, permits the mutant to reach organ sizes 

undistinguishable from the wild-type.  

6. Stomatal clusters in spch-5 arise from symmetric (instead of asymmetric) fate allocation 

after meristemoid division, or from improper orientation of the asymmetric cell division 

plane within or between lineages. 
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7. SPCH-5 retains the wild-type ability for hetero dimerization with the known SPCH 

partners. DNA-binding experiments were elusive, but a SPCH version whose bHLH 

domain lacks crucial residues for DNA-binding (SPCHPPP) showed a phenotype similar to 

spch-5, indicating that the integrity of this domain is essential for SPCH function. 

8. Increasing the gene dosage and/or stabilizing SPCH-5 in a yoda mutant background or 

by BL treatment can overcome the low stomatal production of spch-5 cotyledons, 

whereas hypocotyls remain stomataless in all cases.  Conversely, the reduction in spch-

5 gene dosage drastically reduced its ability to direct stomata formation in cotyledons.   

9. The BL-mediated increase in spch-5 stomatal numbers was not reproduced in wild-type 

and spch-2 plants. BL also alleviated stomatal clustering in spch-5. This allele is thus a 

sensitized genetic background to study brassinosteroid effects on stomatal 

development. 

10. Comparative transcriptomics revealed that among the almost 3,000 genes DE in spch-5 

are 271 high-confidence transcriptional targets of SPCH. SPCHPPP also showed many de-

regulated SPCH targets, partially overlapping those found for spch-5. This is the first 

report of transcriptional consequences of a lesion in the SPCH bHLH domain. 

11. Some of the spch-5 de-regulated SPCH targets corrected their expression after BL 

treatment and others did not. Transcripts for BASL, an intrinsic polarity gene down-

regulated in spch-5, increase their level by BL treatment. The BL-mediated clustering 

alleviation might be due to the increase in BASL levels. Transcripts for EPF2, involved in 

entry divisions that initiate stomatal lineages, are highly depressed in spch-5 but BL 

treatment did not increase EPF2 expression. The BL effect on spch-5 is therefore 

independent of EPF2 function. Other genes with a transcriptional behavior similar to 

BASL or EPF2 might be useful to unravel SPCH mechanisms of action dependent on the 

bHLH domain 

12. The spch-5 phenotype includes lack of stomata in hypocotyls and also a transient 

incompetence to complete stomata development in incipient leaf primordia. These 

features suggest that SPCH function is highly dependent on regional and developmental 

contexts, as it was suggested for the master stomatal regulator and SPCH target TMM, 

based on the lack of stomata in hypocotyls in the tmm-1 mutant. 

13. Lineage progression during the early development of tmm-1 leaf primordia shows a 

transient arrest, similarly to spch-5.  Since current models for stomatal lineage initiation 

and progress propose an auto-regulated node involving TMM and SPCH, further analysis 

of their interactions in regional contexts unfavorable for stomata production will shed 

light on these critical developmental events 
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