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Summary statement  

Duplicated antagonistic signaling peptides orthologous to the Arabidopsis EPF2 and 

STOMAGEN ligands, essential for the precise control of stomatal lineage initiation, in 

the grass model organism Brachypodium distachyon are revealed. 
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ABSTRACT 

Peptide signaling has emerged as a key component of plant growth and development, 

including stomatal patterning, which is critical for plant productivity and survival. 

Although exciting progress has been made in understanding EPIDERMAL 

PATTERNING FACTOR (EPF) signaling in Arabidopsis, the mechanisms by which 

EPF peptides control different stomatal patterns and morphologies in grasses is 

poorly understood. Here, by examining expression patterns, overexpression 

transgenics, and cross-species complementation, the antagonistic stomatal ligands 

orthologous to Arabidopsis AtEPF2 and AtSTOMAGEN/AtEPFL9 peptides were 

identified in Triticum aestivum (wheat) and the grass model organism Brachypodium 

distachyon. Application of bioactive BdEPF2 peptides inhibited stomatal initiation, but 

not the progression or differentiation of stomatal precursors in Brachypodium. 

Additionally, the inhibitory roles of these EPF peptides during grass stomatal 

development were suppressed by the contrasting positive action of the 

BdSTOMAGEN peptide in a dose-dependent manner. These results not only 

demonstrate how conserved EPF peptides that control different stomatal patterns 

exist in nature but also suggest new strategies to improve crop yield through the 

utilization of plant-derived antagonistic peptides that optimize stomatal density on the 

plant epidermis. 

 

 

INTRODUCTION 
Intercellular signaling mediated by peptide ligands, which are encoded by gene 

families, plays a central role in plant growth and development, including stomatal 

patterning. Stomata are valves on the plant epidermis that control water and gas 

exchange between plants and the atmosphere. As such, understanding the 

mechanism by which stomata develop, a process that influences transpiration 

efficiency and plant biomass production, offers tremendous opportunity to enhance 

agronomic productivity (Hetherington and Woodward, 2003; Lawson and Blatt, 2014). 

In Arabidopsis, several members of the EPIDERMAL PATTERNING FACTOR (EPF) 

family of secreted cysteine-rich peptides act as cell-cell signals for proper stomatal 
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development. AtEPF1 and AtEPF2, the two most closely related peptides among the 

eleven EPF family members in Arabidopsis, are negative regulators of stomatal 

development.  AtEPF1 controls stomatal spacing and differentiation, whereas 

AtEPF2 inhibits asymmetric cell divisions that initiate the stomatal cell lineage (Hara 

et al., 2007; Hara et al., 2009; Hunt and Gray, 2009). AtSTOMAGEN/AtEPFL9, on 

the other hand, was identified as a positive regulator of stomatal development, 

thereby functioning completely opposite to AtEPF1 and AtEPF2 peptide signaling 

(Hunt et al., 2010; Kondo et al., 2010; Sugano et al., 2010). Interestingly, two of these 

opposing stomatal signals, AtEPF2 and AtSTOMAGEN, were identified as 

endogenous agonistic and antagonistic ligands for the same receptor kinase 

ERECTA to fine-tune stomatal development in Arabidopsis (Lee et al., 2015). Some 

of the other AtEPF family members have also been identified as key signaling 

molecules controlling other developmental processes, such as the growth of 

inflorescence (Kosentka et al., 2019; Tameshige et al., 2016; Uchida et al., 2012; 

Uchida and Tasaka, 2013), highlighting the central importance of Arabidopsis EPF 

peptide signaling in plant growth and development.  

Though plants of the grass family provide the majority of the world’s food supply, 

many aspects of their development and physiology are less well understood than 

those of the model dicot species. Stomatal development in grasses differs in many 

ways from that in Arabidopsis (Cai et al., 2017; Chen et al., 2017; Hepworth et al., 

2018). For example, unlike the two kidney-shaped guard cells in Arabidopsis, the 

dumbbell-shaped stomatal complexes in grasses are composed of four cells: a pair of 

guard cells flanked by a pair of subsidiary cells. Additionally, stomata in grasses are 

arranged linearly in specific cell files next to veins which are established at the base 

of young grass leaves, whereas in most dicot plants stomata are dispersed as a 

result of the formation of scattered stomatal precursors on the epidermis. Thus, one 

interesting question that arises from this comparison is how different stomatal 

patterns and morphologies are generated in the monocot crops, the answer of which 

may inform plant breeding strategies to for the improvement of water-use efficiency 

and crop biomass production. Based on the knowledge of genes regulating stomatal 
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development in the dicot Arabidopsis, recent investigations have started to address 

this important question by identifying their grass homologs. Interestingly, despite 

different grass stomatal morphologies and patterns, many of the grass homologs of 

Arabidopsis basic helix-loop-helix (bHLH) transcription factors involved in stomatal 

development have also been shown to control grass stomatal development, although 

their specific roles have diverged among different grass species (Liu et al., 2009; 

Raissig et al., 2016; Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019). 

Recently, overexpression of the grass “AtEPF1” homolog, which is similar in 

sequence to Arabidopsis EPF1 and EPF2, has been shown to inhibit stomatal 

differentiation (Caine et al., 2019; Dunn et al., 2019; Hughes et al., 2017; Lu et al., 

2019). In rice, homologs of AtSTOMAGEN promoting stomatal development have 

also been identified (Lu et al., 2019; Yin et al., 2017), but the existence of grass EPF 

peptide(s) regulating other aspects of stomatal development and the mechanisms of 

how each EPF peptide functions to control grass stomatal development remain 

unknown.  

To understand the roles of secreted EPF peptides in grass stomatal development, we 

searched for entire sets of EPF homologs in the DNA sequence databases for all 

major cereal crops, as well as for the model grass species Brachypodium distachyon. 

These were characterized using a combination of bioinformatics, expression analyses 

and a series of functional genomic studies. We identified four grass EPF homologs of 

the well-known Arabidopsis stomatal EPFs, AtEPF1, AtEPF2 and AtSTOMAGEN that 

control grass stomatal development and patterning. Furthermore, using the bioactive 

Brachypodium EPF peptides, which were applied directly to plant seedlings to 

examine phenotypic responses, we found that these peptides are integral to the 

initiation of stomatal lineages in Brachypodium. This further corroborates that these 

peptides act as duplicated orthologs of the Arabidopsis AtEPF2 and AtSTOMAGEN 

peptides. Our finding emphasizes that despite plant species-specific differences in 

stomatal patterning, the stomatal initiation in both dicots and grasses depends on a 

precise balance of closely related EPF peptides with opposing functions. 
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RESULTS 

Identification and expression patterns of the EPF signaling peptide family in 

grasses  

Homologs of the Arabidopsis EPF family of signaling peptides were identified in 

cereal grasses by searching numerous publicly accessible databases of genomic and 

transcriptomic sequences. The phylogenetic analysis revealed that there are 11-15 

genes per haploid genome that encode putative EPFs in each of the six grass 

species examined (Fig. 1, Fig. S1, Table S1). Triticum aestivum, which is an 

allohexaploid species, had 13 paralogous genes each present with three 

homeologous gene copies, with the exception of one that had only two homeologs. 

Thirteen of the 38 EPF-like genes of Triticum aestivum were either misannotated or 

not annotated in the V1 wheat genome assembly at Ensembl Plant, and these were 

corrected using comparisons to transcriptome databases (Table S2). Gene 

sequences for Oryza sativa and Sorghum bicolor EPF genes were taken from those 

previously reported (Takata et al., 2013). The initial sequences included partial-length 

sequences, which were supplemented with full-length sequences identified in 

GenBank (GB). Three additional Oryza EPF genes were identified in GB databases. 

Some members of the previously described EPF family members were removed from 

the set used in this study due to low sequence similarity to known EPF genes. As 

shown in Fig. S1B and Table S3, each EPF gene possesses six conserved cysteines 

in the predicted mature EPF (MEPF) domain at its C-terminal end, which are critical 

for the biological activity of secreted cysteine-rich peptides, including Arabidopsis 

EPFs. Among the 11 Arabidopsis EPF family members, stomatal EPF peptides 

AtEPF1, AtEPF2, and AtSTOMAGEN are the most well-characterized EPFs. 

Candidate orthologs of these stomatal EPFs were identified with two EPF1/EPF2-like 

genes, each with high sequence similarity to the C-terminus of AtEPF1 and AtEPF2, 

and two STOMAGEN-like genes found in each of the cereal genomes characterized. 

To examine the potential role of grass EPF homologs in growth and development, we 

performed quantitative real-time PCR to analyze the expression patterns of each EPF 

gene in different organs and developmental stages in the two grass species, wheat (T. 

aestivum) and the model grass organism Brachypodium (Fig. 2A,B). In Brachypodium, 
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the expression of two EPF1/EPF2-like (Bd5g12220 and Bd5g23357) and two 

STOMAGEN-like (Bd2g58540 and Bd3g40846) genes, having high sequence 

similarity to Arabidopsis stomatal EPF peptides, was significantly greater in the aerial 

parts of the plants including the developing leaves, compared to the roots at both 

early and late stages of development. Wheat plants also showed similar expression 

patterns for stomatal EPF homologs, including two EPF1/EPF2-like genes 

(TraesCS2A02G526100 and TraesCS2A02G343000) and two STOMAGEN-like 

genes (TraesCS3A02G419900 and TraesCS7A02G255900), although 

TraesCS7A02G255900 transcripts were detected at much lower levels than 

TraesCS3A02G419900. These expression patterns are consistent with their potential 

roles in controlling stomatal development. It is noteworthy that in a recent 

overexpression study of Ta2G556200/TaEPF1B, one of the three homeologous gene 

copies of TraesCS2A02G526100 (hereafter referred to as TaEPF1) and 

Ta2G343000/TaEPF2D, one of the three homeologous gene copies of 

TraesCS2A02G343000 (hereafter referred to as TaEPF2), resulted in decreased 

stomatal numbers with arrested stomatal precursors, a phenotype similar to the 

overexpression of Arabidopsis AtEPF1 (Dunn et al., 2019). In line with previous 

findings in Arabidopsis (Uchida et al., 2012), the grass homologs of AtEPFL4 and 

AtCHALLAH/AtEPFL6 (Bd1g74380, Bd4g15153, Bd2g53661, Bd2g22340, 

TraesCS1D02G299100, TraesCS4A02G028300, and TraesCS3A02G346000), which 

are known to regulate inflorescence growth in Arabidopsis, are also expressed in the 

inflorescence stems of both Brachypodium and wheat. This suggests that they may 

play similar roles for inflorescence development in grasses. Together, these 

observations provide evidence that these secreted EPF peptides are active in 

grasses and may possibly have conserved functions in controlling various 

developmental processes in both dicots and grasses. 
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Overexpression of grass EPF1/EPF2-like genes restrict the initiation of the 

stomatal lineage, whereas STOMAGEN-like genes promote stomatal 

development in Arabidopsis  

Among the family of 11 Arabidopsis EPF peptides, stomatal EPFs are the most well-

characterized family members to date and the biological roles for some other EPF 

peptides remain unknown. Thus, to gain insight into the functional importance and 

conservation of grass EPF homologs, we conducted further analyses using a subset 

of grass EPFs that have high sequence similarity to the Arabidopsis stomatal EPF 

peptides. We first generated transgenic Arabidopsis plants overexpressing genes 

from two grass species, wheat and Brachypodium that are homologous to 

Arabidopsis EPF genes controlling stomatal development, using an oestradiol-

induction system (Fig. 3, Fig. S2, Fig.S3). As previously reported, ectopic expression 

of either of the negative stomatal peptides in Arabidopsis, induced AtEPF1 

overexpression (iAtEPF1) and iAtEPF2, led to an epidermis devoid of stomata, which 

resulted in dramatically decreased stomatal density (number of stomata per mm
2
, Fig. 

2A,B,M), and thus seedling lethality (Hara et al., 2007; Hara et al., 2009; Hunt and 

Gray, 2009; Lee et al., 2012). However, consistent with their distinct functions during 

stomatal development in Arabidopsis, overexpression of AtEPF1 led to an epidermis 

with arrested stomatal precursors, which resulted in a significantly increased non-

stomatal cell density (number of non-stomatal epidermal cells per mm
2
, Fig. 3A,M,N). 

In contrast, the AtEPF2 overexpressors displayed an epidermis without any stomatal 

lineage cells (Fig. 3B,M,N) (Hara et al., 2007; Hara et al., 2009; Hunt and Gray, 

2009). Due to their high sequence similarity to these two Arabidopsis EPF peptides, 

we speculated that each of the two EPF1/EPF2-like genes found in wheat and 

Brachypodium would behave like their corresponding peptides in Arabidopsis, 

AtEPF1 and AtEPF2, respectively. However, unexpectedly both of the EPF1/EPF2-

like genes from Brachypodium, iBd5g12220 and iBd5g23357, led to an epidermis 

completely devoid of all stomatal lineage cells in each of >30 T1 or T2 transgenic 

Arabidopsis lines examined for each construct (Fig. 3E,F,M,N, Fig. S2). Likewise, 

both induction of iTaEPF1 and iTaEPF2 overexpression resulted in inhibition of the 

entry of cells into the stomatal lineage, a phenotype identical to induced Arabidopsis 
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EPF2 overexpression (Fig. 3I,J,M,N, Fig. S3). These observations demonstrate that 

all examined grass homologs of AtEPF1 and AtEPF2 (Bd5g12220, Bd5g23357, 

TaEPF1 and TaEPF2), when expressed in Arabidopsis, have Arabidopsis AtEPF2-

like biological activity which restricts entry asymmetric divisions during stomatal 

development in Arabidopsis, rather than AtEPF1-like activity which inhibits later 

stages of development after the initiation of the stomatal lineage. Based on these 

findings, we named the two EPF1/EPF2-like genes (Bd5g12220 and Bd5g23357) 

from Brachypodium as BdEPF2-1 and BdEPF2-2, respectively.  

Next, to determine the effects of ectopic expression of grass homologs of 

AtSTOMAGEN, the only positive EPF stomatal signal identified in Arabidopsis, we 

generated transgenic Arabidopsis plants overexpressing each of two STOMAGEN-

like genes from both Brachypodium (Bd2g58540 and Bd3g40846) and wheat 

(TraesCS3A02G419900 and TraesCS7A02G255900) using an oestradiol-induction 

system (Fig. 3, Fig. S2, Fig. S3). Similar to the effects of AtSTOMAGEN 

overexpression, we found that inducing either copy of the grass homologs of 

AtSTOMAGEN from wheat or Brachypodium could effectively increase the production 

of stomata and clustering in Arabidopsis (Fig. 3G,H,K-M, Fig. S2, Fig. S3). These 

results indicate that these STOMAGEN-like genes (named STOMAGEN-1 and 

STOMAGEN-2) are orthologs of the positive stomatal EPF peptide in Arabidopsis 

AtSTOMAGEN and have been duplicated in the genomes of both grass lineages. 

 

Grass EPF1/EPF2 homologs complement the epidermal phenotypes of 

Arabidopsis epf2 mutants 

We further investigated the behavior of two EPF1/EPF2-like genes from wheat and 

Brachypodium in the regulation of epidermal development through cross-species 

complementation studies. For this purpose, we expressed each of the grass 

EPF1/EPF2 homologs in epf1 and epf2 mutants under the control of respective 

Arabidopsis promoters to drive their expression into distinct stages of the stomatal 

lineage where AtEPF1 and AtEPF2 are normally expressed in Arabidopsis. We first 

confirmed the Arabidopsis EPF promoters that were used for the cross-species 

rescue experiments drove GFP reporter activity in the corresponding stomatal 
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precursors in the epidermis: the AtEPF1 promoter showed expression in late 

meristemoids, guard mother cells, and young guard cells; the AtEPF2 promoter 

showed expression for meristemoid mother cells and early meristemoids (Fig. S4). 

To determine whether the grass EPF1/EPF2 peptides are functional orthologues of 

AtEPF1, the Brachypodium and wheat genes were expressed under the AtEPF1 

promoter in the epf1 loss-of-function mutant. The epf1 mutant exhibited the 

previously reported mild stomatal clustering phenotype, resulting from defects in 

spacing divisions (Fig. 4A,M) (Hara et al., 2007). Unlike the positive control 

(AtEPF1pro::AtEPF1 in epf1; Fig. 4B,M), none of the genotypes expressing grass 

EPF1/EPF2 homologs (AtEPF1pro::BdEPF2-1, AtEPF1pro::BdEPF2-2, 

AtEPF1pro::TaEPF1, and AtEPF1pro::TaEPF2) were able to suppress epf1’s paired 

stomata phenotype (Fig. 4A-F,M, Fig. S5), suggesting that neither the wheat nor the 

Brachypodium EPF1/EPF2-like genes can replace the function of AtEPF1 in 

Arabidopsis. The EPF1/EPF2-like genes from wheat and Brachypodium were then 

screened for complementation of the epidermal phenotypes of epf2, where epf2 

displays excessive entry divisions resulting in significantly increased non-stomatal 

cell density (Fig. 4G,N) (Hara et al., 2009; Hunt and Gray, 2009). In this case, similar 

to AtEPF2pro::AtEPF2 in epf2 (Fig. 4H,N), expression of all grass EPF1/EPF2 

homologs driven by the endogenous AtEPF2 promoter (AtEPF2pro::BdEPF2-1, 

AtEPF2pro::BdEPF2-2, AtEPF2pro::TaEPF1, and AtEPF2pro::TaEPF2) significantly 

rescued the epidermal phenotype of the epf2 mutant (Fig. 4G-I,N, Fig. S6). These 

results are congruent with the results presented above on the overexpression of 

Brachypodium or wheat EPF1/EPF2 homologs in Arabidopsis. Taken all together, 

these observations clearly indicate that either of the two most similar AtEPF1/AtEPF2 

homologs from wheat and Brachypodium can substitute for AtEPF2, but they cannot 

replace the function of AtEPF1 in Arabidopsis. 
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Application of bioactive grass EPF peptides triggers stomatal developmental 

defects in both Arabidopsis and Brachypodium seedlings  

Overexpression and cross-species complementation experiments indicated that there 

are two copies of stomatal EPF homologs in wheat and Brachypodium, each of which 

behaves like AtEPF2 and AtSTOMAGEN, respectively, when they are expressed in 

Arabidopsis. To determine how these grass EPF peptides regulate stomatal 

development in grasses, which have stomatal morphologies and patterns that differ 

from those of Arabidopsis, the epidermal phenotypic effects of Brachypodium 

seedlings (Bd21-3) treated with bioactive mature EPF peptides, MBdEPF2-1, 

MBdEPF2-2, and MBdSTOMAGEN-1, were examined. BdSTOMAGEN-2 was 

excluded from the analyses due to its relatively low level of expression in developing 

Brachypodium leaves, in the region where stomata develop, and also based on the 

functional redundancy with BdSTOMAGEN-1 in stomatal development when 

expressed in Arabidopsis (Fig. 2A, Fig. 3G,H,M, Fig. S2C,D). Our work focused on 

EPF peptides from the model grass organism Brachypodium because similar 

phenotypes were produced by stomatal EPF orthologs from wheat and 

Brachypodium in the experiments described above (Fig. 3, Fig. 4, Fig. S2, Fig. S3-S6) 

and because its small size allowed for the monitoring of the epidermal phenotypes on 

the first leaves of seedlings by bioassays. First, we produced C-terminal predicted 

mature forms of recombinant MBdEPF2-1 (91 amino acids), MBdEPF2-2 (83 amino 

acids), and chemically synthesized MBdSTOMAGEN-1 (45 amino acids) peptides 

based on the protocol we developed for Arabidopsis EPFs in a previous study (Fig. 

S7) (Lee et al., 2012). After protein refolding, we applied these bioactive grass EPF 

peptides to Arabidopsis seedlings. Application of either MBdEPF2-1 or MBdEPF2-2 

peptide rendered the Arabidopsis epidermis completely devoid of any stomatal 

lineage cells resulting in a composition of only pavement cells, a phenotype identical 

to induced overexpression of AtEPF2 (Fig. 5C,F,G) or application of recombinant 

AtEPF2 to Arabidopsis seedlings (Lee et al., 2015; Lee et al., 2012). In contrast, 

treatment of Arabidopsis seedlings with chemically synthesized MBdSTOMAGEN-1 

promoted stomatal development and clustering, a phenotype similar to the induced 
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AtSTOMAGEN overexpression (Fig. 5D,H) or treatment of bioactive AtSTOMAGEN 

in Arabidopsis (Lee et al., 2015).  

Next, to investigate whether the effects of these Brachypodium EPF peptides 

observed in Arabidopsis would produce similar effects in Brachypodium itself, the leaf 

epidermis of MBdEPF-treated Brachypodium seedlings was analyzed. Because the 

loss of stomata causes seedling lethality, we checked epidermal phenotypes on the 

first leaves of Brachypodium seedlings. As shown in Fig. 5I, the grass leaf epidermis 

in the wild-type (mock-treated Bd21-3) seedlings generated orderly patterned stomata 

in specific cell files typically located 1–2 cells away from veins (marked by 

arrowheads), unlike the scattered pattern of stomata in dicot Arabidopsis leaves. 

Application of either bioactive MBdEPF2-1 or MBdEPF2-2 peptide solution, however, 

resulted in the complete absence of any stomatal complexes at predictable distances 

from veins, while MBdSTOMAGEN-1 treatment promoted stomatal density and 

clustering in the stomatal cell files of the Brachypodium leaf epidermis (Fig. 5J-O, Fig. 

6, Fig. S10B). To determine the origin of stomatal defects in MBdEPF-treated 

Brachypodium seedlings, we further examined 2 early stages of grass stomatal 

development, stomatal file establishment and asymmetric division, which can be 

found at the base of young Brachypodium leaves. As shown in Fig. S8, the epidermis 

of Bd21-3 seedlings treated with the MBdEPF2-1 or MBdEPF2-2 peptide showed 

neither smaller cells nor asymmetric divisions in the stomatal cell files at the predicted 

distances from the veins, while the application of MBdSTOMAGEN-1 to Bd21-3 

seedlings resulted in ectopic files with smaller cells and asymmetric divisions. These 

results suggest that orthologs of AtEPF2 and AtSTOMAGEN may also be involved in 

regulating stomatal initiation in grasses where MBdEPF2 peptides act as inhibitors 

and BdSTOMAGENs act as promoters of stomatal development. However, unlike 

Arabidopsis, we also found that the application of either the MBdEPF2-1 or 

MBdEPF2-2 peptide failed to induce any obvious change to other nonstomatal 

epidermal cells such as silica cells in veins and hair cells, although the generation of 

stomata and stomatal precursors were completely blocked. The overexpression of 

AtEPF2 (or application of the bioactive EPF2 peptide) in Arabidopsis not only blocks 

stomata and stomatal precursor development but also leads to development of an 
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epidermis with only pavement cells. However, Brachypodium plants treated with 

recombinant MBdEPF2-1 or MBdEPF2-2 peptide develop hair cells instead of 

stomata in stomatal cell files (Fig. 5J,K,P), suggesting that the default cell fate of 

smaller cells of asymmetric divisions in entire epidermal lineages of grass is not 

affected by the application of these Brachypodium EPF peptides. On the other hand, 

Brachypodium seedlings treated with MBdSTOMAGEN-1 displayed variability in the 

strength of the phenotype, and the seedlings showing the strongest epidermal 

phenotypes exhibited some unusual subsidiary cell morphologies and additional 

ectopic stomatal cell files, in addition to increased stomatal density and stomatal 

patterning defects (Fig. S9A). Because Brachypodium leaves produce highly spatially 

and temporally organized stomatal development from the base to the tip, we next 

examined potential roles of BdSTOMAGEN-1 in later stages of grass stomatal 

development by observing cells at subsidiary cell formation and guard mother cell 

division stages. As shown in Fig. S9B, application of MBdSTOMAGEN-1 to 

Brachypodium seedlings displayed abnormal subsidiary cell formation either by 

spanning multiple smaller daughter cells, becoming stomatal precursors (guard 

mother cells, GMCs), or by producing extra irregular asymmetric divisions in the cells 

neighboring the GMCs. This indicates that BdSTOMAGEN-1 may have an additional 

role in promoting asymmetric divisions to produce both stomatal precursors and 

subsidiary cells, in addition to initiating stomatal cell files during grass stomatal 

development. In summary, our data indicates that Brachypodium EPF peptides 

BdEPF2s and BdSTOMAGENs are key secreted signaling peptides with opposing 

functions in controlling stomatal initiation in Brachypodium. Unlike BdEPF2s, which 

specifically control the early step of grass stomatal development (the establishment of 

stomatal cell files), our results also suggest that BdSTOMAGEN regulates several 

stages of stomatal development and patterning in grasses. 
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Duplicated grass EPF peptides, BdEPF2 and BdSTOMAGEN, compete for grass 

stomatal development  

Given that both BdEPF2-1 and BdEPF2-2 inhibit grass stomatal initiation while 

BdSTOMAGENs act as stomata-inducing signals, we next examined whether 

biological activity of these BdEPF2 peptides is inhibited by the contrasting 

BdSTOMAGEN peptide. Application of either MBdEPF2-1 or MBdEPF2-2 peptide to 

Brachypodium wild-type seedlings inhibited stomatal development as described 

above, but by co-incubating with increasing concentrations of BdSTOMAGEN-1 

peptide, the stomataless phenotype was restored to a nearly normal epidermis with 

stomata in a dose-dependent manner (Fig. 6). To ensure the specificity of these 

results, we also refolded chemically synthesized MBd2g53661 peptide, another 

member of the EPF-family in Brachypodium, which our expression analysis indicated 

is expressed in young leaves where stomata develop (Fig. 2A, Fig. S7). As shown in 

Fig. S10, exposure of both Arabidopsis and Brachypodium seedlings to MBd2g53661 

peptide solution demonstrated that the Bd2g53661 peptide does not have a role in 

stomatal development, unlike the grass EPF peptides we have investigated. 

Exposure of Bd21-3 seedlings to mixtures of bioactive MBdEPF2-2 plus higher 

concentrations of MBd2g53661 peptide did not affect MBdEPF2’s capacity to inhibit 

stomatal development in Brachypodium (Fig. S10B). This clearly indicates that the 

effects of the positive regulator MBdSTOMAGEN on two MBdEPF2-treated 

stomataless Brachypodium epidermises are the result of their specific antagonistic 

behaviors in controlling grass stomatal development. Since BdSTOMAGEN-1-treated 

Brachypodium seedlings often develop stomata with unusual subsidiary cell 

morphologies (Fig. S9), we also investigated the effect of MBdEPF2-2 on the 

subsidiary cell defects found on MBdSTOMAGEN-1-treated Brachypodium 

epidermises. The stomata-inducing phenotype of the MBdSTOMAGEN-1 application 

was suppressed by MBdEPF2-2, but the subsidiary cell defect phenotype of 

MBdSTOAGEN-1-treated seedlings was unaffected by the MBdEPF2-2 application 

(Fig. S11). This result further emphasizes the antagonistic relationship of BdEPF2 

and BdSTOMAGEN is specific to the early stage of stomatal development in 

Brachypodium.  
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DISCUSSION 

The present study aimed to identify EPF peptides and their biological functions in 

grasses since this group of plants includes several of the most important agricultural 

crops, and because grasses generally have different developmental processes than 

those of dicots. We discovered that all major cereal plants examined have genes 

encoding 11–15 putative EPF peptides, including at least two homologs of AtEPF1 

and AtEPF2 and two AtSTOMAGEN-like genes, suggesting that the EPF family of 

secreted cysteine-rich peptides are conserved signaling molecules between dicots 

and grasses. Our work also revealed that four grass EPF peptides, which are 

homologs to known stomatal Arabidopsis EPFs, are duplicated grass orthologs of 

AtEPF2 and AtSTOMAGEN, and these two classes of signalling peptides have 

opposing activity in controlling the early stage of stomatal development, stomatal cell 

file establishment, in grasses.  

In Arabidopsis, although two negative stomatal signals, AtEPF1 and AtEPF2, have a 

strong sequence similarity, these EPF peptides control two distinct steps of stomatal 

development: AtEPF1 inhibits stomatal differentiation and enforces spacing division, 

and AtEPF2 inhibits initiation of stomatal cell lineage (Hara et al., 2007; Hara et al., 

2009; Hunt and Gray, 2009). Recent studies for AtEPF1/AtEPF2-like and 

STOMAGEN-like genes in some grass species indicate that they have a role in 

controlling stomatal differentiation (Caine et al., 2019; Dunn et al., 2019; Hughes et al., 

2017; Lu et al., 2019; Yin et al., 2017). For example, overexpression of one of the 

AtEPF1/AtEPF2-related genes in barley, HvEPF1, decreased stomatal density, but 

like Arabidopsis EPF1 overexpressor, it also significantly increased non-stomatal cells 

by increasing the density of arrested stomatal precursors (Hughes et al., 2017). By 

contrast, our functional analyses for two AtEPF1/AtEPF2-like genes found in wheat 

(TaEPF1 and TaEPF2) and Brachypodium (BdEPF2-1 and BdEPF2-2) demonstrated 

that they all play an important role in regulating stomatal initiation rather than stomatal 

differentiation or progression, which indicates that AtEPF1/AtEPF2-like genes in 

these two species behave like Arabidopsis EPF2 (Fig. 3, Fig. 4, Fig. S2-S6). Our 

conclusion concerning the function of the two grass EPF1/EPF2-like peptides 

examined was further supported by bioassays with the predicted mature 
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Brachypodium EPF (MBdEPF) peptides. Like AtEPF2 overexpression (or application 

of mature AtEPF2 peptide), the application of either of the bioactive, recombinant 

EPF1/EPF2-like peptides from Brachypodium, MBdEPF2-1 and MBdEPF2-2, led to 

an epidermis completely devoid of any stomatal precursors and stomata in both 

Arabidopsis and Brachypodium, a result that is similar to the overexpression of 

Arabidopsis’s AtEPF2 overexpression, or the treatment with the mature AtEPF2 

peptide (Fig. 5, Fig. 6, Fig. S8). On the other hand, another EPF peptide homolog in 

Brachypodium, MBd2g53661, was found to not affect stomatal development (Fig. 

S11). Thus, consistent with our overexpression and cross-species complementation 

studies, these results clearly indicate the specific roles for BdEPF2-1 and BdEPF2-2 

in inhibiting entry into the stomatal lineage during stomatal development in both 

Arabidopsis and Brachypodium. Our findings demonstrate how various grass species 

use conserved EPF peptides differently in order to control stomatal development, 

which highlights the importance of examining multiple species in order to fully 

understand the function of each EPF family member in grass stomatal development. 

The difference in observations for the effects of TaEPF1 and TaEPF2 reported here, 

and those reported in barley (Hordeum vulgare) for HvEPF1 (Hughes et al., 2017), 

are somewhat surprising since T. aestivum m and H. vulgare are phylogenetically 

very closely related, and the active peptides for the two species differ by only 2 amino 

acids out of 52; in contrast, TaEFP1 and TaEPF2 are only 78% similar. While this 

paper was in preparation, Dunn et al. (2019) reported that overexpression of 

EPF1/EPF2-like genes from T. aestivum led to slight stomatal reduction with 

increased non-stomatal cell density. There are subtle differences in the experimental 

methods in these studies that may contribute to these differences. Since the loss of 

stomata is typically lethal, we used a chemically inducible gene expression technique 

that allowed quantitative induction of transgene expression, allowing some 

circumnavigation around the lethal effects of overexpressing key stomatal regulators. 

Both the two EPF1/EPF2-like peptides from Brachypodium, and those from wheat, 

inhibited stomatal development in transgenic Arabidopsis as effectively as the native 

Arabidopsis EPF2, which was also clearly observed with the treatment of plants with 

recombinant MBdEPF2 peptides (Fig. 3, Fig. 6). Hughes et al (2017) and Dunn et al 
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(2019), on the other hand, used  transgenic plants with constitutive overexpression, 

and they reported that overexpression of HvEPF1 (and TaEPF1 or TaEPF2) was not 

able to reduce stomatal density as much as that of Arabidpsis EPF1 or EPF2. It is 

possible that the different phenotypes observed did not include the strongest 

phenotypic classes, those completely lacking stomata produced by overexpression of 

HvEPF1, since such plants may not have survived, and the plants that were 

characterized had low to moderate levels of transgene expression (Dunn et al., 2019; 

Hughes et al., 2017). Other subtle differences in experimental methods, such as 

dosage and timing of the treatment, may also contribute to these differences, and 

future studies of the spatial and temporal expression of EPF peptides in each grass 

species may help our understanding of how each grass EPF controls stomatal 

patterning and the major stages of grass stomatal development. As mentioned above, 

the application of recombinant MBdEPF2 peptides to Brachypodium inhibited the 

development of stomata within stomatal cell files but did not influence any other 

epidermal cell types, such as hair cells. This specific behavior found in Brachypodium 

seedlings might be attributed to grass-specific stomatal development patterns, which 

have evolved different roles for EPF1 and EPF2 in Arabidopsis that are not observed 

for grasses, exemplified here by wheat and Brachypodium.  

The functions of other grass EPF gene family members, other than those of the four 

EPF homologs of Arabidopsis stomatal peptides AtEPF1, AtEPF2, and 

AtSTOMAGEN that we have investigated, remain completely unknown. Considering 

that some grass EPF family members, such as Bd3g58660 and Ta2g317000, are 

highly expressed in young leaves where stomata develop in Brachypodium and wheat 

(Fig. 2A,B), it is possible that other grass EPF family members, which we identified by 

phylogenetic analyses, serve as ligands to control different stages of grass stomatal 

development such as asymmetric division to create stomatal precursors or their 

grass-specific adjacent subsidiary cells and stomatal differentiation. Thus, future 

investigation of the remaining grass EPF homologs would provide comprehensive 

insight into the role of EPF peptide signaling in grass developmental processes, 

including stomatal patterning.   
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Though the EPF1, EPF2 and STOMAGEN peptides have been shown to interact with 

TMM and ERECTA-family receptor kinases, none of the work with grass homologs of 

Arabidopsis stomatal receptors have yet demonstrated the roles of orthologous 

receptors in grass stomatal development. The existence of antagonist regulation of 

grass stomatal development by duplicated orthologs of Arabidopsis AtEPF2 and 

AtSTOMAGEN suggests that stomatal initiation in both plant species may be 

regulated by naturally occurring agonistic and antagonistic ligands for the same 

receptor, despite differences in their stomatal patterns. Application of either the 

MBdEPF2-1 or MBdEPF2-2 peptide to Brachypodium wild-type seedlings inhibited 

stomatal development, while its co-incubation with increasing concentrations of 

MBdSTOMAGEN-1 resulted in a nearly normal stomatal density without increased 

stomatal clustering even when Brachypodium seedlings were treated with very high 

concentrations of MBdSTOMAGEN-1 compared to the MBdEPF2 peptide (Fig. 6, Fig. 

S9). Thus, unlike Arabidopsis, where AtSTOMAGEN and AtEPF2 peptides directly 

compete for the ERECTA receptor kinase, it is possible that positive and negative 

stomatal EPF peptides in grasses have different target receptors, thereby influencing 

each other’s signaling indirectly, or they may bind to the same receptor but with a 

different binding affinity.  

Besides regulating the entry into the stomatal lineage, we found that BdSTOMAGENs 

may regulate many aspects of stomatal development (i.e., subsidiary cell formation) 

in Brachypodium. In rice, the loss of one of STOMAGEN-like gene, OsEPFL9-1, 

resulted in reduced stomatal formation, however overexpression of another rice 

STOMAGEN-like gene, OsEPFL9-2, in Arabidopsis showed mild hypocotyl-specific 

stomatal patterning defects, suggesting their divergent roles in rice stomatal 

development (Lu et al., 2019; Yin et al., 2017). These differences indicate that 

although different grass species use homologs of well-known stomatal AtEPFs, they 

may regulate their stomatal development in a species-specific manner. Future 

investigation on the linkage of grass STOMAGENs to distinct stages of grass 

stomatal development or to a specific organ, presumably by expressing 

BdSTOMAGEN under the control of each organ-specific or grass stomatal lineage 

cell type-promoters, will provide insight to how BdSTOMAGENs function in a specific 
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phase, or organ, of grass stomatal development. The work presented herein shows 

that the regulation of stomatal development by secreted EPF peptides is, to a great 

extent, conserved in two major classes of flowering plants, and it creates significant 

potential for the agricultural use of peptide treatments to improve crop productivity 

and water-use efficiency.  

 

 

MATERIALS AND METHODS 

Plant materials and growth conditions 

The Arabidopsis ecotype Columbia (Col) was used as a wild-type control in the 

Arabidopsis study. The following mutants and transgenic plants were described 

previously: epf1 (Hara et al., 2007), epf2 (Hara et al., 2009), proEst::AtEPF1 and 

proEst::AtEPF2 (Lee et al., 2012), and proEst::AtSTOMAGEN (Lee et al., 2015). 

Each transgene was introduced into Col and respective mutant backgrounds by 

Agrobacterium-mediated transformation. The wheat (Triticum aestivum L.) genotype 

Chinese Spring was used for isolation of gene sequences and expression analysis. 

Brachypodium line Bd21-3 was used for isolation of gene sequences, expression 

studies, and peptide bioassays. Seeds were surface sterilized with bleach solution 

(with 3.4% sodium hypochlorite (diluted from 10.3 % bleach), 0.01 % Triton-X 100) 

and plated on ½ Murashige-Skoog (MS) agar plates. When needed, 5- to 6-day-old 

Brachypodium and wheat seedlings and 10-day-old Arabidopsis seedlings were 

transferred to soil and grown at 22C under the long-day conditions (18h light/6h 

dark). 

 

Phylogenetic analysis  

The amino acid sequences of the known or predicted mature EPF peptides 

previously identified in Arabidopsis and rice (Takata et al., 2013) were used as query 

sequences to identify homologous gene sequences for Triticum aestivum in the 

Transcriptome Shotgun Assembly (TSA) databases of the National Center for 

Biological Information (NCBI) by tBlastn. The TSA contigs were used to search the 

NCBI EST database and the International Wheat Genome Sequencing Consortium 
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(IWGSC) (International Wheat Genome Sequencing, 2014) of wheat survey 

sequences (WSS) of individual chromosome arms, versions 2 and 3. The sequences 

were also re-confirmed, and assigned to specific wheat chromosomes using the 

IWGSC whole genome assembly RefSeq v1.0 (Alaux et al., 2018; International 

Wheat Genome Sequencing, 2014; International Wheat Genome Sequencing et al., 

2018). Comparison to the sequences of the whole genome assembly was used to 

identify homeologous copies of the gene family members from the A, B and D 

genomes of T. aestivum. Novel sequences identified in genomic databases were 

iteratively used to query the TSA and EST databases to verify the sequences and to 

correctly identify the exon/intron junctions in the genomic sequences. In cases where 

there was discrepancy between sequences from different databases, contigs of the 

transcripts were re-assembled with T. aestivum EST sequences that shared a 

minimum of 99% identity using the CAP3 assembly program at PRABI (Huang and 

Madan, 1999). Gene identifiers for T. aestivum used in the manuscript are from the 

Ensembl Plant database (http://plants.ensembl.org/) and those for Brachypodium are 

from the Phytozome 12 database (https://phytozome.jgi.doe.gov/). EPF gene family 

members identified in T. aestivum were used to identify homologs in other 

monocotyledonous species. Sequences for EPF genes in other species were taken 

from the following databases: Sorghum bicolor, PlantGDB 

(http://www.plantgdb.org/SbGDB/); Oryza sativa, Rice annotation project database 

(https://rapdb.dna.affrc.go.jp/); Zea mays, GenBank, (https://www.ncbi.nlm.nih.gov/); 

Brachypodium distachyon, Phytozome v12 (https://phytozome.jgi.doe.gov/); Hordeum 

vulgare, IPK (http://webblast.ipk-gatersleben.de/); Arabidopsis thaliana, UniProt 

(https://www.uniprot.org/uniprot/). An initial phylogenetic tree for the heuristic search 

was obtained automatically by applying Neighbor-Joining and BioNJ algorithms to a 

matrix of pairwise distances estimated using a Jones Taylor Thornton (JTT) model 

and then selecting the topology with superior log likelihood value. The analysis 

involved 87 amino acid sequences. All positions with less than 95% site coverage 

were eliminated. That is, fewer than 5% alignment gaps, missing data, and 

ambiguous bases were allowed at any position. These procedures were performed 
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using MEGA software (version 7.0) (Kumar et al., 2016). See Table S1 and Table S2 

for details on the list of amino acid sequences of grass EPF peptides used.  

 

Plasmid construction and generation of transgenic plants  

The following constructs were generated and used in this study: pJSL156 (BdEPF2-1 

cDNA), pJSL151 (proEst::BdEPF2-1), pJSL157 (BdEPF2-1 cDNA), pJSL158 

(proEst::BdEPF2-2), pJSL148 (BdSTOMAGEN-1 cDNA), pJSL149 

(proEst::BdSTOMAGEN-1), pJSL185 (BdSTOMAGEN-2 cDNA), pJSL187 

(proEst::BdSTOMAGEN-2), pJSL171 (TaEPF1 cDNA), pJSL179 (proEst::TaEPF1), 

pJSL173 (TaEPF2 cDNA), pJSL180 (proEst::TaEPF2), pJSL177  (TaSTOMAGEN-1 

cDNA), pJSL181 (proEst::TaSTOMAGEN-1), pJSL188 (proEst::TaSTOMAGEN-2), 

pJSL193  (AtEPF1 cDNA), pRJ14 (proAtEPF1::nucGFP),  pRJ21 

(proAtEPF1::AtEPF1), pRJ6 (proAtEPF1::BdEPF2-1), pRJ13 (proAtEPF1::BdEPF2-

2), pRJ9 (proAtEPF1::TaEPF1), pRJ18 (proAtEPF1::TaEPF2), pJSL146 (AtEPF2 

promoter), pJSL194 (AtEPF2 cDNA), pRJ23 (proAtEPF2::nucGFP), pRJ22 

(proAtEPF2::AtEPF2), pJSL175 and pRJ17 (proAtEPF2::BdEPF2-1), pRJ16 

(proAtEPF2::BdEPF2-2), pJSL190 and pRJ20 (proAtEPF2::TaEPF1), pRJ19 

(proAtEPF1::TaEPF2), pJSL198 (pBAD::MBdEPF2-1-6xHis), and pJSL199 

(pBAD::MBdEPF2-2-6xHis). Plasmid pER8 (Zuo et al., 2000) was used for estradiol-

inducible constructs, and the Gateway-cloning system (Invitrogen) was used to 

generate most constructs for the cross-species complementation studies. See Tables 

S4 and S5 for details on the plasmid constructions and primers used. Stable 

transgenic Arabidopsis plants were generated using Agrobacterium-mediated 

transformation by the floral dipping method (Clough and Bent, 1998). More than 30 

independent transgenic T1 or T2 lines per construct were screened and subjected to 

detailed phenotypic characterization.  

 

RNA extraction and quantitative RT-PCR analysis  

Total RNA from different plant tissues of Brachypodium, wheat, and 10-day-old 

Arabidopsis transgenic seedlings grown on ½ MS plates with or without 30 M 

estradiol were isolated using the RNeasy Plant Mini Kit (Qiagen) and treated with 
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DNaseI (Qiagen) according to the manufacturer’s instructions. The first-strand cDNA 

was generated by iScript cDNA Synthesis kit (Bio-Rad) using 1.2 μg of RNA except 

for wheat for which 100 ng of RNA was used, diluted 1:10 in double distilled water, 

and then used as a template for qPCR analysis. RT-qPCR analysis was performed 

using a CFX96 real-time PCR detection system (Bio-Rad) using SsoAdvanced 

Universal SYBR Green Supermix (Bio-Rad) and standard qPCR conditions in at least 

three technical and three biological replicates. Data was normalized against eIF4A, 

BdUBC18 (Hong et al., 2008), and TaRP15 (Shaw et al., 2012) for genes in 

Arabidopsis, Brachypodium, and wheat, respectively. The Pfaffl method (Pfaffl, 2001) 

was used to calculate the relative expression levels of the target genes. Gene 

specific primers used to detect transcripts are listed in Table S5.  

 

Microscopy and quantitative analysis of stomatal phenotype 

Confocal images were taken using a Nikon C2 operated by NIS-Elements (Nikon) as 

described previously (Tamnanloo et al., 2018). All image processing was performed 

using Fiji software, and the images were false colored using Photoshop CS6 (Adobe). 

For quantitative analysis, the central area of abaxial cotyledons of 10-day-old 

Arabidopsis seedlings and the base of the first leaves of 6- to 8-day-old 

Brachypodium seedlings were stained with toluidine blue O (TBO) (Sigma) as 

previously reported (Hara et al., 2009), and images were taken using a Nikon Eclipse 

TiE microscope equipped with a DsRi2 digital camera (Nikon). The number of 

stomata and other epidermal cells in each photograph were counted and converted 

into both the density and index measurements for each cell type. The statistically 

significant differences in a panel of different genotypes was determined by either a 

Tukey’s HSD test after a one-way ANOVA (P < 0.05) or a Student’s t-test with P 

values of **< 0.001 or *< 0.01.  

 

Chemical treatments 

Transgenic Arabidopsis seedlings carrying estradiol-inducible EPF and 

Brachypodium and wheat homolog constructs were germinated on ½ MS medium in 

the absence or presence of 30 M estradiol (Sigma) or 1-day-old transgenic 
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seedlings grown in ½ MS liquid medium were treated with or without 10 M estradiol. 

The induction of EPF gene expression was confirmed by RT-qPCR analysis. The 

phenotypic consequence of induction was examined by observing the epidermal 

phenotype of cotyledons using a confocal microscope. 

 

Production of peptides and bioassays  

Expression and purification of Brachypodium MBdEPF2-1 and MBdEPF2-2 peptides 

were performed as described previously (Lee et al., 2012). These two recombinant 

peptides and chemically synthesized Brachypodium MBdSTOMAGEN-1 and 

MBd2g53661 (Invitrogen) were dissolved in 20 mM Tris-HCl, pH 8.8, and 50 mM 

NaCl and refolded (Mini dialysis kit, MWCO:1,000, GE Healthcare) for 3 d at 4 °C 

using glutathione (reduced and oxidized forms; Sigma) and L-arginine ethyl ester 

dihydrochloride (Sigma). The peptides were further dialysed twice against 50 mM 

Tris-HCl, pH 8.0 for 1.5 d to remove glutathione. For bioassays, either a buffer 

solution alone (mock: 50 mM Tris-HCl at pH 8.0) or Brachypodium EPF peptides (2.5 

μM) in buffer solution were applied to 1-day-old Col and Bd21-3 seedlings in ½ MS 

liquid medium. After 6-8 days of further incubation, the epidermal phenotypes of 

abaxial Arabidopsis cotyledons and Brachypodium leaves were examined with a 

Nikon C2 confocal microscope and/or a Nikon Eclipse TiE microscope after TBO 

staining.  
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Figures 

 

 

Fig. 1. Identification of grass EPF family peptides.  

Phylogenetic tree of the EPF family members in Arabidopsis, Brachypodium, and 

wheat. The tree is constructed in MEGA7 (Kumar et al., 2016) using the amino acid 

sequences of the predicted mature C-terminal region of the EPF family members 

(MEPFs) and their homologs. The tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site. MEPF sequence alignment is 

shown in Fig. S1B. 
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Fig. 2. Expression pattern of EPF family members in Brachypodium and wheat.  

(A) Relative expression levels of EPF homologs in different Brachypodium tissues: 

young roots, mature roots, young leaves, mature leaves, stems and inflorescences. 

Young roots and leaves were obtained from 5–7 days-post-germination (dpg) 

seedlings. Samples of mature roots, leaves and stems at 10 weeks post-germination 

and inflorescences at 10 days after flowering were used. BdUBC18 was used as an 

internal control and the data for inflorescences were set to 1. Error bars = means with 

SE (n = 3). (B) Relative expression levels of EPF homologs in different wheat tissues: 

young roots, mature roots, young leaves, mature leaves, stems, and inflorescences. 

Young roots and leaves were obtained from 3–5 dpg seedlings. Mature roots, leaves, 

and stems at 10 weeks post-germination and inflorescences at 10 days after 

flowering were used. TaRP15 was used as an internal control and the data for 

inflorescences were set to 1. Error bars = means with SE (n = 3).  
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Fig. 3. Ectopic expression of grass stomatal EPF homologs exhibit stomatal 

development defects in Arabidopsis.  

(A-L) Representative confocal images of the abaxial cotyledon epidermis of 10-day-

old Arabidopsis transgenic seedlings carrying oestradiol-induced constructs of well-

known stomatal EPF family peptides in Arabidopsis; (A) Est::AtEPF1, (B)  

Est::AtEPF2, (C) Est::AtSTOMAGEN, and the stomatal EPF homologs in 

Brachypodium; (E) Est::BdEPF2-1, (F) Est::BdEPF2-2, (G) Est::BdSTOMAGEN-1, (H) 

Est::BdSTOMAGEN-2  and the wheat stomatal EPF homologs; (I) Est::TaEPF1 (J), 

Est::TaEPF2, (K) Est::TaSTOMAGEN-1 and (L) Est::TaSTOMAGEN-2 . Arabidopsis 
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Columbia (Col) wild-type seedlings in the presence of estradiol (D) and uninduced 

controls show no effects on stomatal development (see Fig. S2 and Fig. S3). 

Asterisks in (A) indicate arrested stomatal precursors. Cells were outlined by 

propidium iodide staining (cyan), and images were taken under the same 

magnification. Scale bar = 30 µm. (M, N) Quantitative analysis of 10-day-old abaxial 

cotyledon epidermis. (M) Stomatal density (number of stomata per mm2) and (N) 

non-stomatal epidermal cell density (number of non-stomatal cells per mm2) from 

Arabidopsis transgenic seedlings harboring constructs of each of the oestradiol-

inducible stomatal EPF peptides in Arabidopsis, and their grass homologs in 

Brachypodium and wheat. – = no induction and + = induced by oestradiol. 

Overexpression of AtEPF1/AtEPF2-like genes from wheat and Brachypodium led to 

an epidermis devoid of all stomatal lineage cells, a phenotype identical to induced 

Arabidopsis EPF2, but not like the EPF1 overexpression. In contrast, induced 

STOMAGEN-like genes in grass increased stomatal density and clustering, a 

phenotype identical to the Arabidopsis STOMAGEN overexpressor. Significant 

difference compared to the uninduced transgenic seedlings: **P  0.0001 by 

Student’s t test. n = 8–9 for each genotype. The experiments were repeated three 

times with similar results. Bars = means. Error bars are the s.e.m. For a complete set 

of phenotypes and expression data of multiple independent transgenic plants, see 

Fig. S2 and Fig. S3.  

 

  

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

 

Fig. 4. Complementation of Arabidopsis epf2 mutants by grass EPF1/EPF2 

homologs.  

(A-F) Confocal images of 10-day-old abaxial cotyledons of the (A) Arabidopsis epf1 

mutant (B) epf1 expressing proAtEPF1::AtEPF1 , (C) proAtEPF1::BdEPF2-1 , (D) 

proAtEPF1::BdEPF2-2, (E) proAtEPF1::TaEPF1, and (F) proAtEPF1::TaEPF2. 

Expression of AtEPF1, but not any of the grass EPF1/EPF2-like genes, driven by the 

Arabidopsis EPF1 promoter rescues the stomatal pairing phenotype (dots) of 

Arabidopsis epf1 mutant. (G-L) Confocal images of 10-day-old abaxial cotyledons of 

(G) the Arabidopsis epf2 mutant, (H) epf2 expressing proAtEPF2::AtEPF2, (I) 

proAtEPF2::BdEPF2-1, (J) proAtEPF2::BdEPF2-2, (K) proAtEPF2::TaEPF1, and (L) 

proAtEPF2::TaEPF2. Excessive entry divisions (brackets), which is the typical 

phenotype of the Arabidopsis epf2 mutant, were complemented by AtEPF2 as well as 

grass EPF1/EPF2-like genes, which were expressed under the control of the 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Arabidopsis EPF2 promoter. All confocal images were taken under the same 

magnification. Scale bars = 30 μm. (M) Percentage of stomata present in each 

cluster size (in %) in the epf1 mutant and the epf1 mutant expressing AtEPF1 and 

EPF1/EPF2-like genes in Brachypodium and wheat. (N) Non-stomatal epidermal cell 

density of 10-day-old abaxial cotyledons of the epf2 mutant and the epf2 mutant 

expressing AtEPF2 and grass EPF1/EPF2 homologs. Genotypes without significantly 

different phenotypes were grouped together with the same letter (P < 0.05, Tukey’s 

HSD test after a one-way ANOVA). n = 15–17 for each genotype. Bars = means. 

Error bars = SE. See also Fig. S5 and Fig. S6.  

 

  

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

 

Fig. 5. Effects of the application of bioactive Brachypodium EPF peptides on 

epidermal development.  

(A-D) Representative confocal images of abaxial cotyledons of (A) Arabidopsis wild-

type (Col), and (B) transgenic seedlings carrying oestradiol-inducible constructs of 

Arabidopsis EPF peptides, Est::AtEPF1, (C) Est::AtEPF2, and (D) 

Est::AtSTOMAGEN grown in 1/2 MS liquid medium with estradiol. The asterisks in (B) 

indicate arrested stomatal precursor cells. (E-H) Abaxial epidermis of cotyledons of 

(E) Col seedlings grown in a buffer solution (mock), (F) 2 μM MBdEPF2-1, (G) 2 μM 

MBdEPF2-2, or (H) 2 μM MBdSTOMAGEN-1. Both bioactive, recombinant 

EPF1/EPF2-like peptides from Brachypodium, MBdEPF2-1 and MBdEPF2-2, inhibit 

stomatal lineage initiation, while synthetic MBdSTOMAGEN-1 peptide promotes 
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stomatal clustering and density in Arabidopsis. Images were taken under the same 

magnification. Scale bar = 30 μm. (I-L) Optical microscopy images of abaxial 

epidermis of the first leaves of (I) Brachypodium wild-type (Bd21-3) seedlings grown 

in 1/2 MS liquid medium with a buffer solution (mock), (J) 2 μM MBdEPF2-1, (K) 2 

μM MBdEPF2-2, or (L) 2 μM MBdSTOMAGEN-1. Arrowheads indicate stomata 

which are always found in specific cell files adjacent to veins (marked by asterisks) in 

Brachypodium. Images were taken under the same magnification. Scale bar = 50 μm. 

(M-P) Quantitative analysis of abaxial leaf epidermis of Bd21-3 seedlings without 

(mock) or with bioactive Brachypodium EPF peptides, MBdEPF2-1, MBdEPF2-2, or 

MBdSTOMAGEN-1. (M) Stomatal density, (N) stomatal index (% of the number of 

stomata to the total number of epidermal cells), (O) stomatal cluster distribution 

(in %), (P) hair cell index (% of the number of hair cells to the total number of 

epidermal cells). Application of bioactive Brachypodium MBdEPF2-1 or MBdEPF2-2 

peptide inhibits stomatal development accompanied by default development as hair 

cells increased in stomatal cell files in the Brachypodium epidermis. In contrast, 

MBdSTOMAGEN-1 peptide increases stomatal density and clustering in 

Brachypodium. Peptide application experiments were performed at least five times 

with similar results. n = 6–11 for each treatment. Bars = means. Error bars = SE. ** P 

< 0.001, *P < 0.01 (based on Student’s t-test with data from mock-treated Bd21-3 

seedlings). 
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Fig. 6. BdEPF2 activity is antagonized by that of BdSTOMAGEN-1 in 

Brachypodium.  

(A) Brachypodium wild-type (Bd21-3) seedlings treated with a buffer solution, 

MBdEPF2-1 alone, or mixtures containing MBdEPF2-1 and increasing concentrations 

of MBdSTOMAGEN-1. (B) Brachypodium Bd21-3 seedlings treated with MBdEPF2-2 

alone, or mixtures containing MBdEPF2-2 plus increasing concentrations of 

MBdSTOMAGEN-1. Biological activity of MBdEPF2 peptides inhibiting grass 

stomatal development was suppressed by MBdSTOMAGEN-1. Arrowheads indicate 

stomata which are always found in specific cell files adjacent to veins in 

Brachypodium leaves. Images were taken under the same magnification. Scale bar = 

50 μm. See also Fig. S10 for contrasting results using another EPF-family member in 

Brachypodium, MBd2g53661 and Fig. S11 for the effect of MBdEPF2-2 in the 

presence of MBdSTOMAGEN-1. 
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+ estradiol

Fig. S1. Phylogenetic relationships between Arabidopsis and grass EPF family members. 
(A) Phylogenetic tree of the EPF family members in Arabidopsis thaliana, Brachypodium distachyon, Oryza sativa (rice), Hordeum vulgare (barley), Sorghum bicolor (sorghum), 
Zea mays (maize) and Triticum aestivum (wheat). The tree was constructed in MEGA7 (Kumar et al., 2016) using the amino acid sequences of the predicted mature C-terminal 
region of the EPF family members and their grass homologs. The tree was drawn to scale, with branch lengths measured in the number of substitutions per site. (B) The sequence 
alignment of the predicted mature peptide regions of the stomatal EPFs in Arabidopsis, AtEPF1, AtEPF2 and AtSTOMAGEN, and their homologs in wheat and the model grass 
organism, Brachypodium. The conserved cysteine residues are highlighted. See also Fig. 1, Table S1-S3.
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Fig. S2. Epidermis phenotype of induced overexpression of Brachypodium EPF stomatal homologs in multiple independent Arabidopsis 
transgenic lines. 
(A-D) Representative confocal images of abaxial cotyledon epidermis from 10-day-old seedlings of three independent Arabidopsis transgenic lines 
harboring an oestradiol-inducible overexpression construct for each of the four stomatal EPF homologs from Brachypodium: (A) iBdEPF2-1, (B) 
iBdEPF2-2, (C) iBdSTOMAGEN-1, and (D) iBdSTOMAGEN-2. Left panels, no induction (control); right panels, oestradiol induction; each row shows 
representative images from individual lines. Cells were outlined by propidium iodide staining (cyan), and images were taken under the same 
magnification. Scale bar = 30 µm. (E-H) RT-qPCR analysis of (E) BdEPF2-1, (F) BdEPF2-2, (G) BdSTOMAGEN-1, and (H) BdSTOMAGEN-2 
transgenes in three independent Arabidopsis transgenic plants carrying oestradiol-inducible overexpression constructs for each of the four Brachypodi-
um stomatal homologs. eIF4A was used as an internal control and the data for each uninduced transgenic line was set to 1. Error bars = means with 
SE (n = 3). For primer sequences, see Table S5. 
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Fig. S3. Epidermis phenotype of induced overexpression of wheat EPF stomatal homologs in multiple independent Arabidopsis transgenic 
lines. 
(A-D) Representative confocal images of abaxial cotyledon epidermis from 10-day-old seedlings of three independent Arabidopsis transgenic lines 
harboring an oestradiol-inducible overexpression construct for each of four stomatal EPF homologs from wheat: (A) iTaEPF1, (B) iTaEPF2, (C) 
iTaSTOMAGEN-1, and (D) iTaSTOMAGEN-2. Left panels, no induction (control); right panels, oestradiol induction; each row shows representative 
images from individual lines. Images are taken under the same magnification. Scale bar = 30 µm. (E-H) RT-qPCR analysis of (E) TaEPF1, (F) TaEPF2, 
(G) TaSTOMAGEN-1, and (H) TaSTOMAGEN-2 transgenes in three independent Arabidopsis transgenic plants carrying oestradiol-inducible 
overexpression constructs for each of the four wheat stomatal homologs. eIF4A was used as an internal control and the data for each uninduced 
transgenic line was set to 1. Error bars = means with SE (n = 3). For primer sequences, see Table S5. 
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A
proAtEPF1::nucGFP proAtEPF2::nucGFP

Fig. S4. Expression patterns of stomatal lineage specific AtEPF1 
and AtEPF2 promoters used in this study.
Representative confocal images of the abaxial developing leaf 
epidermis of 12-day-old wild-type seedlings carrying the green 
fluorescent protein (nucGFP)-tagged transcription reporters for the 
promoters of (A) AtEPF1 and (B) AtEPF2. GFP expression is 
detected in the nuclei of (A) a subset of later stomatal lineage cells 
(meristemoids, guard mother cells and young guard cells) and (B) 
early stomatal lineage cells (meristemoid mother cells and meriste-
moids) indicating that the two promoter fragments used in this study 
drive correct expression patterns in the stomatal lineage. Cells were 
outlined by propidium iodide staining (purple), and images were taken 
under the same magnification. Scale bar = 30 µm. 
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Fig. S5. Complementation of Arabidopsis epf1 loss-of-func-
tion mutants by grass EPF1/EPF2 homologs. 
Shown are representative confocal images of 10-day-old 
cotyledon epidermis of the (A) Arabidopsis epf1 mutant, (B,C) two 
independent transgenic epf1 plants expressing 
proAtEPF1::AtEPF1, and (D-F) three independent transgenic epf1 
lines expressing AtEPF1/AtEPF2 homologs from Brachypodium: 
proAtEPF1::BdEPF2-1, (G-I) proAtEPF1::BdEPF2-2, and (J-L) 
AtEPF1/AtEPF2 homologs from wheat: proAtEPF1::TaEPF1, and 
(M-O) proAtEPF1::TaEPF2. The epf1 mutation confers stomatal 
pairing (dots). Unlike the proAtEPF1::AtEPF1 construct, 
AtEPF1/AtEPF2 homologs from Brachypodium and wheat driven 
by the AtEPF1 promoter unable to complement the epidermal 
phenotype of epf1. See also Fig. 4A-F,M. All confocal microscopy 
images were taken under same magnification. Scale bar = 30 µm.

B C

D E F

H I

K L

M N O

Development: doi:10.1242/dev.199780: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



 epf2 Line 2
proAtEPF2::BdEPF2-1

 epf2 Line 4
proAtEPF2::BdEPF2-1

 epf2 Line 8
proAtEPF2::BdEPF2-1

 epf2 Line 3
proAtEPF2::BdEPF2-2

 epf2 Line 7
proAtEPF2::BdEPF2-2

 epf2 Line 5
proAtEPF2::BdEPF2-2

 epf2 Line 1
proAtEPF2::TaEPF1

 epf2 Line 3
proAtEPF2::TaEPF1

 epf2 Line 6
proAtEPF2::TaEPF1

 epf2 Line 4
proAtEPF2::TaEPF2

 epf2 Line 6
proAtEPF2::TaEPF2

 epf2 Line 7
proAtEPF2::TaEPF2

proAtEPF2::AtEPF2
 epf2 Line 1

proAtEPF2::AtEPF2
 epf2 Line 3 epf2 

A

Fig. S6. Complementation of Arabidopsis epf2 loss-of-func-
tion mutants by grass EPF1/EPF2 homologs. 
Representative confocal images of 10-day-old abaxial cotyledons 
of the (A) Arabidopsis epf2 mutant, (B,C) two independent 
transgenic epf2 plants expressing proAtEPF2::AtEPF2, and (D-F) 
three independent transgenic epf2 plants expressing 
AtEPF1/AtEPF2 homologs from Brachypodium: proAtEPF2::BdE-
PF2-1, (G-I) proAtEPF2::BdEPF2-2, and (J-L) AtEPF1/AtEPF2 
homologs from wheat: proAtEPF2::TaEPF1, and (M-O) 
proAtEPF2::TaEPF2. The epidermal phenotype of Arabidopsis 
epf2 mutants (brackets in A) is rescued by each of the two 
AtEPF1/AtEPF2-like genes from Brachypodium and wheat. See 
also Fig. 4 G-L,N. All confocal microscopy images were taken 
under same magnification. Scale bar = 30 µm.

B C

D E F

G H I

J K L

M N O

Development: doi:10.1242/dev.199780: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



A
MBdEPF2-1, MBdEPF2-2, MBdSTOMAGEN-1, and MBd2g53661 sequence used for bioassays

MBdEPF2-1-mycHis (in pBADg vector)
MKKLLFAIPLVVPFYSHSHSTMELETGSRLPDCEHACGPCAPCKRVMVSFRCALASESCP
VAYRCMCRGRFFRVPTLSSAALPPRIRSFLEQKLISEEDLNSAVDHHHHHH*

MBdEPF2-2-mycHis (in pBADg vector)
MKKLLFAIPLVVPFYSHSHSTMELETGSSLPDCSHACGPCKPCNRVMVSFKCSIAEPCPM
VYRCMCKGKCYPVPSSRIRSFLEQKLISEEDLNSAVDHHHHHH*

MBdSTOMAGEN-1
IGSIAPICTYNECRGCRFKCTAEQVPVDANDPMNSAYHYKCVCHR

MBd2g53661
PGSYPPRCTSKCGSCNPCYPVHVAVPPGVPVTAEYYPEAWRCRCGNRLYMP

(kD)

* *

1 2 3 4 5 6
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40
70

MBdEPF2-1-His MBdEPF2-2-His MBdSTOMAGEN-1,

*

7
MBd2g53661
8

*

B C D

Fig. S7. Amino-acid sequence, expression and purification of bioactive Brachypodium peptides used 
in this study.
(A) Amino acid sequence of the predicted mature EPF (MEPF) region of MBdEPF2-1, MBdEPF2-2, 
MBdSTOMAGEN-1, and MBd2g53661 used for bioassays and competition analyses. Underlined: signal 
sequence from pBADg vector; blue, predicted MBdEPF2-1, MBdEPF2-2, MBdSTOMAGEN-1, and 
MBd2g53661 sequence; plain, linker, cMyc tag, and His tag. (B-D) Shown are SDS-PAGE gels, stained with 
Coomassie Brilliant Blue, for expression and purification of bacterially expressed recombinant (B) MBdE-
PF2-1-His, (C) MBdEPF2-2-His, and (D) synthesized MBdSTOMAGEN-1 and MBd2g53661 after refolding. 
Lanes 1, 2, 4, and 5: Bacterial lysate carrying MBdEPF2-1 (lanes 1, 2) and MBdEPF2-2 (lanes 4, 5) in the 
absence (lanes 1, 4) or presence (lanes 2, 5) of L-arabinose for induction; Lanes 3, 6: Purified, dialyzed, and 
refolded peptide solution of MBdEPF2-1-His (lane 3) and MBdEPF2-2-His (lane 6) and Lanes 7, 8: Refolded 
synthesized peptide solution of MBdSTOMAGEN-1 (lane 7) and MBd2g53661 (lane 8) used for bioassays 
and competition analysis in Fig. 5, Fig. 6, Figs. S8-S11. The positions of molecular mass markers in kilodal-
tons are indicated on the left. Asterisks indicate the size of each His-tagged or synthesized peptide.
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Fig. S8. Early epidermal phenotypes of Brachypodium 
seedlings treated with bioactive grass EPF peptides.
Confocal images of two early developmental stages of grass 
stomatal development, stomatal file establishment (A-D) and 
asymmetric division (E-H) stages, in (A,E) Brachypodium 
wild-type (Bd21-3) seedlings treated with either buffer solution 
alone (mock) or (B,F) Brachypodium MEPF peptides, MBdE-
PF2-1, (C,G) MBdEPF2-2, (D,H) and MBdSTOMAGEN-1. The 
epidermis of Bd21-3 seedlings treated with MBdEPF2-1 or 
MBdEPF2-2 peptide shows neither smaller cell files nor 
asymmetric entry divisions in the stomatal rows always flanking 
to the veins, while application of MBdSTOMAGEN-1 to Bd21-3 
seedlings results in ectopic smaller cell files and asymmetric 
divisions. The asterisks indicate smaller cells (A, D) or 
asymmetric divisions (E, H) in stomatal lineage rows having 
stomatal fate. Arrowheads, developing leaf veins. All images 
are from the base of the developing first Brachypodium leaf at 
7-8 days-post-germination (dpg). Scale bar = 10 μm.
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Fig. S9. Bioactive MBdSTOMAGEN-1 peptide, a 45 amino acid cysteine-rich region of the STOMAGEN-like protein in 
Brachypodium, promotes grass stomatal differentiation and patterning.
(A) Confocal images of the first leaf epidermis illustrating the phenotypic range observed in Brachypodium wild-type (Bd21-3) 
seedlings treated with 2.5 μM MBdSTOMAGEN-1 peptide. All images are shown at the same scale. Scale bar = 30 μm. (B)
Representative confocal images of cells at subsidiary cell formation and guard mother cell division stages of grass stomatal 
development in Bd21-3 seedlings treated with either buffer only (mock) or 2.5 μM MBdSTOMAGEN-1 peptide. All images are
shown at the same scale. Scale bar: 15 μm. Bd21-3 seedlings have 4-celled stomatal complexes composed of two guard cells and
two subsidiary cells, and they are separated by at least one non-stomatal cell in particular “stomatal” cell files. Application of 
refolded MBdSTOMAGEN-1 to Bd21-3 seedlings, however, exhibits stomatal patterning defects. Stomatal clusters sometimes
have abnormal subsidiary cell morphologies, additional cell divisions, and are dispersed on the epidermis rather than restricted to 
the specific cell files typical of grass stomata, indicating the formation of ectopic stomatal rows. The arrowheads indicate examples
of abnormal subsidiary cells. 
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Fig. S10. Unlike BdEPF2 peptides, one of the Brachypodium EPF-family peptides, Bd2g53661, neither controls stomatal 
development nor competes with BdSTOMAGEN-1.
(A) Confocal images of the cotyledon epidermis of Arabidopsis Col seedlings grown in a buffer solution (mock) or 2.5 μM 
MBd2g53661. Application of refolded MBd2g53661 peptide does not influence the epidermal development in Arabidopsis. (B) 
Bd21-3 seedlings treated with a buffer solution, MBd2g53661, MBdEPF2-2, or MBdEPF2-2 co-treated with increasing concentra-
tions of MBdSTOAMGEN-1. MBd2g53661 does not influence the function of MBdEPF2-2 inhibiting grass stomatal development. 
Dots indicate stomata which are typically found in specific cell files adjacent to veins (marked by arrowheads). Images were 
taken under the same magnification. Scale bar = 30 μm.
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Fig. S11. Biological activity of BdSTOMAGEN-1 in promoting stomatal initiation, but not the subsidiary cell formation, 
is antagonized by BdEPF2.
Confocal images of Brachypodium Bd21-3 leaf epidermis treated with a buffer solution, MBdSTOMAGEN-1 alone, or mixtures 
containing MBdSTOAMGEN-1 plus increasing concentrations of MBdEPF2-2 for 7-8 days. Arrowheads indicate stomata with 
abnormal subsidiary cell morphologies, such as the spanning of two guard cells by a single subsidiary cell or stomata lacking 
one subsidiary cell. Images were taken under the same magnification. Scale bar = 50 μm. 
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