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Editorial on the Research Topic
 Stomatal Biology and Beyond



Stomata, each surrounded by a pair of guard cells, are microscopic pores in the shoot epidermis of plants, which serve as a low-resistance pathway for the diffusional movement of gas and water vapor between a plant and the environment. On the other hand, as natural openings in the leaf, stomata are exploited as a convenient entry route by a wide range of pathogens. In adaption to the ever-changing environment, guard cells have acquired sensing mechanisms to a variety of internal and external stimuli resulting in the change of turgor pressure in guard cells. As a result, stomata open and close, by which the plant actively regulates gas exchange with the environment including CO2 uptake and over 90% water transpiration, and wards off pathogens. Therefore, stomata have a central impact on regulating plant photosynthesis, water status, and stress resistance at the plant physiology level, and on crop production as well as the global carbon and water cycle at the social-ecological level. Stomatal biology has been consistently one of the major research fields of plant science and develops rapidly as evidenced by several research collections on this Research Topic (Blatt et al., 2017; Raghavendra and Murata, 2017; McAdam et al., 2021) as well as the 15 articles in this Research Topic. These Research Topics have provided great insights into the fundamental mechanisms underlying stomatal movement, development, and patterning at both the molecular and systemic levels, making guard cell one of the best-characterized model systems for plant cell and developmental biology. There is also increasing interest in the translation of the knowledge to crop production. The present Frontiers Research Topic covers recent research and review papers on the Research Topics of stomatal development, stomatal dynamics in response to environmental cues, and stomatal manipulation technologies.

Stomate is a fascinating model for developmental biology, not only for its highly specialized division and differentiation processes, also for the formation of isolated guard cells without plasmodesmata. The asymmetric divisional behavior and seemingly random yet one-cell-spaced distribution pattern provide an ideal system for studying cell polarity and cell-division orientation (Pillitteri and Dong, 2013). In this Research Topic, Han et al. overview the recent advances in understanding the molecular basis of cell fate and dynamics of stomatal lineage cells at the cell state- or single-cell level and the regulation of stomatal development by environmental cues. Xiao et al. performed a comprehensive functional analysis of Arabidopsis guard cell-enriched GDSLs Lipases (GGLs) and determined several GGLs are involved in regulating stomatal density and morphology. Stomata in dicot and monocots are different in morphology with kidney shape for dicots and dumbbell shape for monocots. In addition, the monocot stomatal complex consists of two subsidiary cells surrounding two guard cells. Therefore, research on monocots is necessary to fully understand stomatal development. Based on a forward genetic screening, Yu et al. find a protein with unknown function, Rice Stomata Development Defect 1, is important for stomatal development in rice and appears to regulate proper expression of the protease gene, Stomatal Density and Distribution 1. Serna provides a perspective on the functions of a master regulator, the MUTE transcription factor, in the last step of stomatal development in monocots.

Stomatal movement responding to environmental stimuli including light, CO2, and dehydration, is a major research area of stomatal biology because of their important role in photosynthesis and water use efficiency. In this Research Topic, Liu et al. find that a cyclophilin, ROC3, positively regulates the stress hormone abscisic acid-induced stomatal closure and dehydration response by regulating reactive oxygen species homeostasis and transcription of stress-response genes. Several GGLs identified by Xiao et al. are also involved in stomatal dynamics and plant water relations. In terms of light signaling in guard cells, Ye et al. identify several new genes including a vacuolar channel, Aluminum-Activated Malate Transporter 6, required for in blue light-induced stomatal opening. A pharmacological study by Wang et al. suggests that a group of proteinases are required for light signaling in guard cells. The stomatal responses are quite different in crassulacean acid metabolism (CAM) and C3 plants. A typical difference is that CAM stomata open in the dark and close in response to light, while C3 stomata operate in an opposite way. In this Research Topic, Santos et al. investigated the stomatal response to light and CO2 in C3 and CAM plants, using Vicia faba and Kalanchoë fedtschenkoi as model plants. This elegant study provides evidence that both signals from guard cells and mesophyll contribute to the differences observed in CAM and C3 stomatal responses. Research on stomatal immune responses against pathogens has been very active these years with a focus on the short-term defenses (Thor et al., 2020; Ye et al., 2020). Here, Gahir et al. raise an interesting point on the long-term effect of stomatal closure in terms of defense against pathogen and discuss possible research directions.

One important goal of research on stomatal biology is, by developing new strategies to manipulate stomatal development, activity and/or physiology, to improve crop resilience and water use efficiency. To this end, there is also a trend shifting from using model plants to crops for research. In this Research Topic, Hayashi et al. constructed a gene expression database of V. faba and found ABA-dependent phosphorylation of the V. faba orthologs of important genes known to be involved in the stomatal movement including a basic helix–loop–helix transcription factor VfAKS1, an ABA importer in guard cells VfABCG40, and a clathrin heavy chain VfCHC1. These results set the basis for future research on stomatal biology in V. faba. Pitaloka et al. reveal the functions of rice stomatal mega-papillae in stomatal dynamics, defense against pathogens, highlighting its potential as an important trait for rice breeding. Stomatal phenotyping is critical for field study, which is greatly facilitated by the emerging machine-learning-based imaging analysis. Zhu et al. build up a method based on machine learning to automatically assess the stomatal index in wheat. Moreover, Toda et al. report the establishment of a readily available image-analysis platform to accelerate stomatal phenotyping in the field. Regarding manipulation approaches of stomatal traits, agrochemicals have been proved very effective (Kinoshita et al., 2021). The protease inhibitors (PIs) identified by Wang et al. could be the lead compounds for manipulating stomatal movement. A more efficient and environmental-friendly approach would be genetic technology. The guard cell-specific promoters identified by Ye et al. are a plus to the toolkits for designing guard cell-targeting genetic strategies. A beautiful example to show the contribution of genetic manipulation of stomata to crop production is the establishment of the “PUMP” technique short for the promotion and upregulation of plasma membrane proton-ATPase (Zhang et al., 2021). By increasing the expression level of plasma membrane H+-ATPases in guard cells, this strategy has been proved very efficient for enhancing photosynthesis and thus plant growth. In this Research Topic, Ren et al. review the progress and synthesize the principle of this technique. Toh et al. report the technique is also efficient in enhancing photosynthesis and growth of perennial woody plants using poplar as a model.


CONCLUDING REMARKS

Stomate is an evolution success for plants to colonize land some 450 million years ago. Because of its importance to plant physiology, there is continuing scientific effort to understand its evolution path, mechanism of its biogenesis and function, and potential for translation. The current Research Topic accommodates new findings on most of these areas and is dedicated to stimulating future research on stomatal biology. More research efforts are needed on new research directions, such as guard cell metabolism, cell wall mechanics, memory mechanism, as well as on many economically important plants. Particularly, we want to highlight two research areas under development, stomatal traits influenced by biotic stimuli and pollutants from human activity, because of their importance in crop protection and climate control. Regarding stomatal biotechnology, we have witnessed striking progress as a result from combining approaches of genetics, optics, and chemistry (Papanatsiou et al., 2019; Kinoshita et al., 2021). These research findings underline the importance of incorporating knowledge from multi-disciplines to realize innovation with broad impact. We believe stomatal biotechnology is a powerful strategy to achieve sustainable development goals including crop production improving and climate control. Bearing this in mind, this Research Topic is delivered as a call for more participation of scientists from different fields.
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Stomatal density is an important factor that determines the efficiency of plant gas exchange and water transpiration. Through forward genetics, we screened a mutant rice stomata developmental defect 1 (rsd1-1) with decreased stomatal density and clustered stomata in rice (Oryza sativa). After the first asymmetric division, some of the larger sister cells undergo an extra asymmetric division to produce a small cell neighboring guard mother cell. Some of these small cells develop into stomata, which leads to stomatal clustering, and the rest arrested or developed into pavement cell. After map-based cloning, we found the protein encoded by this gene containing DUF630 and DUF632 domains. Evolutionary analysis showed that the DUF630/632 gene family differentiated earlier in land plants. It was found that the deletion of RSD1 would lead to the disorder of gene expression regarding stomatal development, especially the expression of stomatal density and distribution 1 (OsSDD1). Through the construction of OsSDD1 deletion mutants by CRISPR-Cas9, we found that, similar to rsd1 mutants, the ossdd1 mutants have clustered stomata and extra small cells adjacent to the stomata. OsSDD1 and RSD1 are both required for inhibiting ectopic asymmetric cell divisions (ACDs) and clustered stomata. By dehydration stress assay, the decreased stomatal density of rsd1 mutants enhanced their dehydration avoidance. This study characterized the functions of RSD1 and OsSDD1 in rice stomatal development. Our findings will be helpful in developing drought-resistant crops through controlling the stomatal density.

Keywords: stomatal development, stomatal density, RSD1, OsSDD1, dehydration avoidance, rice


INTRODUCTION

Stomata are small valves in the epidermis of plants for gas exchange between plants and the environment and play essential roles in regulating photosynthesis and water use efficiency (Hetherington and Woodward, 2003). Proper stomatal density and patterning are very important for the growth of plants. There are great differences in stomatal patterning and development processes between monocotyledons and dicotyledons. In Arabidopsis, stomata are constantly generated in different positions of the epidermis during leaf development. The asymmetric entry division of some protodermal cells named meristemoid mother cell (MMC) initiates the stomatal lineage and produces a larger daughter cell called stomatal lineage ground cell (SLGC) and a smaller meristemoid (M). The M can undergo asymmetrically amplifying divisions to renew itself and generate more SLGCs. Then, the M converts into the guard mother cell (GMC). The GMC divides equally to form a pair of guard cells (GCs). The SLGCs can differentiate into pavement cells or divide asymmetrically to produce a new M oriented away from preexisting stomata or stomatal precursors (Bergmann and Sack, 2007).

Most of crops belong to grasses, and they have a great impact on food security (Godfray et al., 2010; Elert, 2014). In contrast to the scattered pattern of Arabidopsis leaves, stomata in graminoid grasses (monocots) are distributed in files. Stomatal development in rice consists of six stages. Epidermal cells that acquired lineage fate undergo an asymmetric entry division to produce two daughter cells, a small cell, and a large sister cell (Stages I and II) (Stebbins and Shah, 1960; Luo et al., 2012; Raissig et al., 2016; Wu et al., 2019; McKown and Bergmann, 2020). Since the absence of a stem-cell-like meristemoid stage in the rice stomatal development, the small cell is named GMC (Stebbins and Shah, 1960; Nunes et al., 2020). The GMC induces the polarization of the subsidiary mother cell (SMC), which then divides asymmetrically to produce a subsidiary cell (SC) and a pavement cell (Stage III and Stage IV) (Cartwright et al., 2009; Facette et al., 2015). After that, GMCs divide symmetrically to produce a pair of GCs (Stage V). Finally, the four-cell stomatal complex is formed (Stage VI) (Stebbins and Shah, 1960).

The stomatal lineage cell fate transformation mechanism has been well studied in Arabidopsis. Three basic helix-loop-helix (bHLH) family transcription factors SPEECHLESS (SPCH), MUTE, and FAMA control the consecutive MMC-M-GMC-GC cell fate transitions (Ohashi-Ito and Bergmann, 2006; MacAlister et al., 2007; Pillitteri et al., 2007; Lampard et al., 2008; Chen et al., 2020). These specified cell state transitions require another two paralogous bHLH transcription factors, INDUCER OF CBF EXPRESSION1 (ICE1) and SCREAM2 (SCRM2), to form heterodimers with SPCH, MUTE, and FAMA (Kanaoka et al., 2008). In addition, the cell fate transition from GMC to GC is regulated by FOUR LIPS (FLP) and MYB88, two partially redundant R2R3 MYB transcription factors (Lai et al., 2005; Lee et al., 2014).

Recently, the molecular mechanisms that promote stomatal development in grasses are gradually elucidated. In grasses, the new factors OsSCRs/OsSHRs control the initiation of stomatal lineage cells, and the formation of SCs has been reported recently (Schuler et al., 2018; Wu et al., 2019). The core factors regulating stomatal fate transformation have similar but different functions. OsSPCH1/2 control formation of stomatal files (Raissig et al., 2016; Wu et al., 2019). OsMUTE is expressed in early stage of GMCs and moves to SMC to regulate SC formation. In addition, OsMUTE is involved in the direction of GMC division (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019). OsFAMA influences SMC division and differentiation of mature stomata (Liu et al., 2009; Wu et al., 2019). OsICE1 and OsICE2 influence the initiation of stomatal lineage, GMC transition, SMC division, and the differentiation of mature stomata (Raissig et al., 2016; Wu et al., 2019). The OsFLP regulates the direction of GMC division (Wu et al., 2019). In addition, an A2-type cyclin; OsCYCA2;1 positive regulates entry division in stomatal file (Qu et al., 2018).

The stomatal patterning in Arabidopsis follows the one-cell-spacing rule; that is, two stomatal complexes are separated by at least one non-stomatal cell to ensure a reasonable stomatal density and a proper stomatal patterning in different environmental conditions (Lau and Bergmann, 2012; Dow et al., 2014; Qi and Torii, 2018). Epidermal patterning factors (EPFs) include negative regulators EPF1/2 and EPFL4-6, and a positive regulator EPFL9/STOMAGEN regulates stomatal density (Hara et al., 2007, 2009; Hunt and Gray, 2009; Abrash and Bergmann, 2010; Sugano et al., 2010; Niwa et al., 2013). These ligands bind to the receptor complex consisting of ERECTA family receptor kinase [RLK; ER, ERECTA-LIKE1 (ERL1), and ERL2] and TOO MANY MOUTHS (TMM) (Shpak et al., 2005; Lee et al., 2012, 2015). Downstream of the receptors is a mitogen-activated protein kinase (MAPK) cascade, which is composed of YODA and MKK4/5/7/9 and MPK3/6 to inhibit SPCH activity (Bergmann et al., 2004; Wang et al., 2007; Lampard et al., 2008). The predicted serine protease STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) also negatively regulate stomatal patterning and density by genetically acting upstream of TMM (Berger and Altmann, 2000; Von Groll et al., 2002). The function of SDD1 in dicotyledonous plants is conserved. Overexpression of tomato SchSDD1-like in cultivated tomato plants decreased the stomatal index and density (Morales-Navarro et al., 2018).

The grass stomatal patterning stands in line and also abides by the one-cell-spacing rule that two stomatal complexes are separated by at least one pavement cell. The role of EPFs is conserved in stomatal development. In rice and wheat, the overexpression of OsEPF1/2 and TaEPF1/2 has been shown to increase water use efficiency by reducing stomatal density (Hughes et al., 2017; Caine et al., 2019; Dunn et al., 2019). OsEPFL9 can promote stomatal development, and knocking down OsEPFL9 reduces stomata density in rice (Lu et al., 2019). In addition, BdYODA1 in Brachypodium distachyon involved in maintaining stomatal lineage fate asymmetry and loss of BdYODA1 results in large sister cells obtain stomatal fate (Abrash et al., 2018). In maize, the overexpression of ZmSDD1 results in stomatal density decrease of 30% and enhances the drought resistance (Liu et al., 2015).

In this study, we identified a novel stomatal mutant from EMS mutants’ library. This mutant exhibits clustered stomata and reduced stomatal file density and was named as rice stomata developmental defect 1 (rsd1). Detailed analysis of stomatal development process indicated that larger sister cell of entry division underwent excessive asymmetric division in rsd1-1. Map-based cloning showed that RSD1 encoded a protein also named REL2, which functions in controlling leaf rolling. The quantitative reverse transcription–quantitative polymerase chain reaction (RT-qPCR) result indicated that the expression of OsSDD1 was significantly down-regulated in rsd1 mutants. Knockout of OsSDD1 produced similar stomatal phenotype with rsd1 mutants, clustered stomata, and extra small cells adjacent to the stomata. OsSDD1 and RSD1 are both required for inhibiting ectopic ACDs and clustered stomata. More importantly, the looss of RSD1 decreased stomatal density and resulted in higher dehydration avoidance.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Rice (Oryza sativa L. japonica cv. Zhonghua 11, ZH11) was used as the wild type in this study. The rsd1-1 mutant with clustered stomata was screened from the M2 generation of EMS mutant library and then back-crossed into ZH11 three times prior to use. The rel2 mutant was acquired from Kun-ming Chen’s lab (Supplementary Table 1). The seedlings were grown initially on Murashige and Skoog (MS) medium under 16:8 h, light–dark cycles for 5–7 days and then cultivated in the glasshouse at Lanzhou University (Gansu, China), with a 12 h photoperiod, 60–80% relative humidity, and a day/night temperature of 32°C/22°C.



Dental Resin Impression and Stomatal Density

The dental resin impression method was used to screen mutants rsd1-1, rsd1-2, rel2, sdd1-1, and sdd1-2 with clustered stomata. Fully expanded fourth and fifth rice leaves were used to impress the abaxial side, and the detailed impression procedures and stomatal density statistics were performed through methods in our previous report (Luo et al., 2012).



Imaging and Microscopy Analysis

For confocal imaging, the FM4-64 was captured using a Nikon (A1R+Ti2-E) confocal microscope. The base of the fifth leaf was cut into 0.5 cm pieces stained in FM4-64 solution. The strain method was performed according to our previous report (Wu et al., 2019). Images of the leaf were used for statistical analyses.



Map-Based Cloning of RSD1

Plants with the clustered stomata were isolated as recombinants from F2 plants of a cross between the rsd1-1 (O. sativa L. japonica cv. Zhonghua 11, ZH11) and 9,311 (O. sativa L. indica) hybrids were selected using dental resin impressions for mapping. The published RM-series rice simple sequence repeat markers1 were used to map the mutant gene. The locus was roughly mapped between RM228 and RM590 on the short arm of chromosome 10 by the primary location. Subsequently, the locus was fine mapped onto the ∼440 kb region between two new development markers X-02 and X-08 using 76 homozygote mutants (Supplementary Table 1). The markers were designed by Primer Premier 5.0 and the genomic sequence acquired from the Gramene. The candidate gene RSD1 was identified by sequence analysis of all genes on the region.



Phylogenetic Tree Construction

The genes containing DUF630 and DUF632 domains were identified from the databases JGI, Marchantia polymorpha (Bowman et al., 2017), Physcomitrella patens (Lang et al., 2018), Arabidopsis thaliana (Lamesch et al., 2012), Medicago truncatula (Young et al., 2011), Solanum lycopersicum (Tomato Genome, 2012), O. sativa (Ouyang et al., 2007), Zea mays (Schnable et al., 2009), B. distachyon (Vogel et al., 2010), Zostera marina (Olsen et al., 2016), and Brachypodium stacei (Gordon et al., 2020) by using the reciprocal BLAST technique with RSD1 protein sequence. The program BLASTP had an e-value cutoff of 1-E30. These sequences were further verified using Simple Modular Architecture Research Tool (SMART) protein analyzing software (Letunic and Bork, 2017). Sequences that were confirmed by both methods were used for further analyses. Eventually, the genes from this species were used for phylogenetic analyses in this study. Full-length amino acid sequences were aligned using CLUSTALW2 (Larkin et al., 2007). The neighbor-joining (NJ) (Saitou and Nei, 1987) tree was constructed by using the Molecular Evolutionary Genetics Analysis version 5.0 (MEGA 5). The tree nodes were evaluated by bootstrap analysis with 1,000 replicates. Branches with bootstrap values less than 50% were collapsed. The evolutionary tree is displayed by Interactive Tree of Life2 (Letunic and Bork, 2019).



Generation of Mutant Plants by CRISPR/Cas9

The Vector pBGK032 to construct CRISPR/Cas9 line was performed from our previous report (Wu et al., 2019). The targeting sequences of RSD1 and OsSDD1 were selected (Supplementary Table 2). The designed targeting sequences were inserted into pBGK032 vector to produce CRISPR/Cas9 plasmids as described previously (Wu et al., 2019). The vectors were transformed into rice cultivars ZH11 as described previously (Nishimura et al., 2006). The transgene lines were extracted genomic DNA and PCR amplification acquired target sequences (Supplementary Table 1). The PCR products were sequenced and analyzed by CRISPR-GE3 (Xie et al., 2017). The mutant lines used in our experiments were predicted resulting truncated protein.



Real-Time PCR Analysis

The method used for extracting the total RNA and RT has been described previously. For quantitative real-time PCR, we used a TB Green Premix Ex Taq (Takara Bio, Inc.) and a StepOnePlus Real-Time PCR System (Applied Biosystems) running a standard programme (Supplementary Table 1). For each real-time PCR experiment, individual samples had three biological replicates per experiment, and all experiments were repeated at least three times.



Dehydration Response Analysis: Water Deficit Shock Treatment

For the measurement of water loss from leaves, 8 weeks old fully expanded leaves of rice wild-type plants ZH11 and rsd1 mutants (rsd1-1 and rsd1-2) were excised and placed on weighing paper with three replicates. All samples were dried slowly under 22°C and 50% relative humidity. The weight was measured every half hour. The percentage of the sample weight at each time point relative to the initial weight was the water loss weight. Three independent experiments were performed.



RESULTS


rsd1-1 Exhibits Clustered Stomata and Reduced Stomatal Files

By screening EMS mutants’ library generated from O. sativa japonica cultivar ZH11, we identified a stomatal mutant with clustered stomata, decreased stomatal density, and files (Figures 1A,B,K–N). We named the mutant as rice stomata developmental defect 1 (rsd1). In wild type, stomata strictly comply with the principle of “one-cell-spacing rule,” that is, two stomatal complexes had to be separated by at least one pavement cell (Figures 1A,C). In rsd1-1, clustered stomata were observed, and some of them co-use a SC (Figures 1B,D). In addition, we observed small cells neighboring some stomata in stomatal file (Figures 1B,E–G). Some of the small cells were able to induce an extra SC, but they would not develop into mature stomata (Figure 1E). Some of small cells seemed to obtain the fate of pavement cell with lobes (Figures 1F, G). Occasionally, we observed that some GMCs exited stomatal lineage before or after inducing unilateral or bilateral SCs (Figures 1H–J), suggesting that RSD1 is required for promoting GMC to differentiate into mature stomata. Statistical analysis revealed that the percentage of clustered stomata or extra small cell neighboring stomata significantly increased (Figure 1O). We observed that the stomatal density and stomatal file density of rsd1-1 decreased in the same position and phyllotaxis of leaf blade (Figures 1K–N). Together, these results indicated that RSD1 regulates stomatal distribution pattern and density.
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FIGURE 1. rsd1-1 mutant showed clustered stomata and an extra small cell neighboring stoma. (A) Developing stomata of ZH11. (B) Developing stomata of rsd1-1. (C) Mature stomata of ZH11. (D) Two-cluster stomata sharing one subsidiary cell. (E) A stoma with three subsidiary cells and a small cell. (F) Five-cell stomatal complex. (G) An extra small cell neighboring stoma. (H) A small cell arrested in GMC stage. (I) Arrested GMC with one subsidiary cell. (J) Arrested GMC with both sides of subsidiary cell. Bars, 10 μm. The white arrowheads indicated ectopic extra small cells neighboring stomata. The white arrows indicated clustered stomata. The white asterisks indicated arrested GMCs. The red asterisks indicated stomata. (K) The stomatal files of ZH11. (L) The stomatal files of rsd1-1. The white arrowheads indicated stomatal files. Bars, 50 μm. (M) Quantification of the stomatal density at mature stage. (N) Quantification of the stomatal files at mature stage. (O) Quantification of the extra small cells neighboring stomata and clustered stomata at the fifth leave. The error bars indicated the mean ± SEM, n = 20; ***P < 0.001 by Student’s t-test.




RSD1 Is Essential for the Differentiation of Large Sister Cells Into Pavement Cell to Establish the Stomatal Patterning

The stomatal patterning and density of grasses are established in a very small area at the base of the leaf. Stomatal development in grasses consists of six stages (Figures 2A–F) (Luo et al., 2012; Raissig et al., 2016; Wu et al., 2019). At stage II, the stomatal lineage cells initiate entry division to generate a smaller GMC and a larger sister cell that will differentiate into a pavement cell (Stebbins and Shah, 1960; Raissig et al., 2016; Wu et al., 2019). The direct differentiation of large sister cells into pavement cells determines the establishment of stomatal patterning in stomatal files.
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FIGURE 2. Stomatal developmental process in rsd1-1 mutant. (A–T) Confocal images of six main stomatal developmental stages in rsd1-1 mutant. There was no significant difference between rsd1-1 and ZH11 at stage I and stage II (A,B,G,H,O,P). Extra divisions in large sister cells resulting in extra small cells neighboring GMCs at stage III in rsd1-1 mutant (I,Q). Two-cluster GMCs sharing one subsidiary cell and arrested GMC at stage IV in rsd1-1 mutant (J,R). Clustered stomata, five-cell stomatal complex and arrested GMCs at stage V in rsd1-1 mutant (K,M,S). Morphogenesis and differentiation of clustered stomata, five-cell stomatal complex and arrested GMC at stage VI in rsd1-1 mutant (L,N,T). The white arrowheads indicated ectopic extra small cells neighboring stomata. The white arrows indicated clustered stomata. The asterisks indicated arrested GMCs. Bars, 10 μm.


The stomatal development stages of rsd1-1 were observed. The stomatal development of rsd1 mutant at stages I and II were regular (Figures 2G,H,O,P). At stage III, some of the larger sister cells underwent an extra asymmetric division to produce an extra small cell neighboring GMC (Figures 2I,Q). At stage IV, a large number of extra small cells neighboring GMC were produced (Supplementary Figure S1). We observed that some SCs flanked a GMC and its neighboring extra small cell (Figure 2J). Occasionally, we also observed that the GMCs failed to induce SC formation (Figure 2R). At stage V, a few extra small cells neighboring GMC can divide equally to form paired GCs, resulting in clustered stomata (Figure 2K), and the rest of the extra small cells neighboring GMC exit stomatal linage (Figure 2M). In addition, the arrested GMCs were occasionally observed (Figure 2S). At stage VI, the abnormal stomata differentiated into mature stomata and form disrupted pattern (Figures 2L,N,T). These observations indicated that RSD1 is required to prevent ACD in large sister cells’ reentry stomatal lineage.



Map-Based Cloning of RSD1 Gene

Our genetic analysis showed that the clustered stomata of rsd1-1 were caused by a single recessive mutation. To identify the mutated gene, the map-based cloning strategy was used, and the candidate gene locus was mapped in a 440 kb region between two newly developed molecular markers (X-02 and X-08) in chromosome 10 (Figure 3A). Using whole-genome sequencing, we found a 1 bp deletion at the fourth exon of LOC_Os10g41310, resulting in a premature transcription termination (PTT) (Figure 3B). The rice genome contains only one copy of the RSD1 gene, which is predicted to encode a protein consisting of 767 amino acid residues. This gene is also named Rolled and Erect Leaf 2 (REL2), which is involved in the control of leaf rolling in rice (Yang et al., 2016).
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FIGURE 3. Map-based cloning of rsd1-1 and the phenotype of rsd1-1 allelic mutants rsd1-2 and rel2. (A) RSD1 was localized between X-02 and X-08 on chromosome 10. n represents sample size. (B) Gene structure and mutant sites of candidate gene LOC_Os10g41310 (RSD1). Black boxes indicated the exons, lines indicated the introns, and white boxes represented untranslated region (UTR). The rsd1-1 had a 1 bp deletion in the fourth exon. The rsd1-2 had a 1 bp insertion in the first exon. The rel2 had a 4 bp (GGAG) deletion in 5′-UTR and two mutations (G to A and G to A) in the first exon. (C–G) Confocal images of developing stomata in rsd1-2, rel2, and F1 generation plant of a cross between rsd1-1 and rsd1-2. (C) An extra small cell neighboring stoma in rsd1-2. (D) Two-cluster stomata sharing two subsidiary cells in rsd1-2. (E) An extra small cell neighboring stoma in rel2. (F) Two-cluster stomata sharing two subsidiary cells in rel2. (G) An extra small cell neighboring stoma and clustered stomata in F1 generation plant of a cross between rsd1-1 and rsd1-2. Bars, 10 μm. The white arrowheads indicated ectopic extra small cells neighboring stomata. The white arrows indicated clustered stomata. (H) Quantification of the stomatal density at mature stage. (I) Quantification of the clustered stomata and extra small cells neighboring stomata at the fifth leaf. The error bars indicated the mean ± SEM, n = 10; ***P < 0.001 by Student’s t-test.


To confirm whether the stomatal phenotypes of rsd1-1 were caused by the mutation of LOC_Os10g41310, we created an additional frameshift mutation that is 1 bp insertion in the first exon, resulting in a PTT by clustered, regularly interspaced short palindromic repeats–associated nuclease 9 (CRISPR/Cas9). We named this mutant rsd1-2 (Supplementary Figure S2). It exhibited similar stomatal phenotypes with rsd1-1 (Figures 3C,D,I). In addition, similar to rsd1-1 and rsd1-2, the allelic mutant rel2 produced clustered stomatal and small cell neighboring stomata (Figures 3E,F,I), and the stomatal density also decreased (Figure 3H). F1 generation plants of a cross between rsd1-1 and rsd1-2 show similar phenotypes with rsd1 mutants (Figure 3G). These results indicated that the mutation of the LOC_Os10g41310 is responsible for stomatal development defects of rsd1 mutants.



Evolutionary Analysis of RSD1 in Plants

RSD1 encodes a protein containing DUF630 and DUF632 domains (Supplementary Figure S4). The BLASTp analysis indicated that there was no homolog of RSD1 in green alga Coccomyxa subellipsoidea. In liverwort M. polymorpha, there was only one copy of RSD1. In moss P. patens, there were four putative paralogs. In dicots and monocots, we found lots of homologous genes contained DUF630 and DUF632 domains, such as M. polymorpha (1 sequence), P. patens (4 sequences), A. thaliana (15 sequences), M. truncatula (17 sequences), S. lycopersicum (11 sequences), O. sativa (20 sequences), Z. mays (21 sequences), B. distachyon (17 sequences), and B. stacei (18 sequences). In order to determine the evolutionary relationship between the RSD1 proteins with different species, we performed multiple sequence alignment and generated an NJ phylogenetic tree for RSD1 proteins from nine land plants (Figure 4). These genes were divided into clade A containing 45 proteins and clade B containing 74 proteins. Phylogenetic analysis indicated that the homologous genes diverged early in the evolution of land plants (Figure 4). Pairwise sequence alignment revealed that RSD1 shows 51.1% amino acid sequence identity with Arabidopsis AtNRG2, which plays a key role in nitrate regulation (Xu et al., 2016). Another gene APSR1 in this family is required for root meristem maintenance (Gonzalez-Mendoza et al., 2013). These limited results indicated that this gene family had important functions in the process of plant growth and development, and the exploration of the gene function of this new gene family would be able to understand the mechanism of plant growth and development.
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FIGURE 4. Phylogenetic relationship of proteins containing DUF630 and DUF632 domain of RSD1 in 9 land plants. The protein sequences for constructing phylogenetic tree were identified from the databases Phytozome V12 by using the reciprocal BLAST technique with rice RSD1 protein sequence. The phylogenetic tree was constructed by the NJ method in MEGA 5. Bootstrap values for 1,000 replicates are given in nodes as percentages. Amino acid sequences were used from Marchantia polymorpha (1 sequence), Physcomitrella patens (4 sequences), Arabidopsis thaliana (15 sequences), Medicago truncatula (17 sequences), Solanum lycopersicum (11 sequences), O. sativa (20 sequences), Zea mays (21 sequences), Brachypodium distachyon (17 sequences), and Brachypodium stacei (18 sequences).


The number of DUF630/632 family genes in angiosperm is more than liverwort and moss remarkable (Figure 4), indicating that this gene family is growing in richness. The high number of DUF630/632 family genes in angiosperm indicated that DUF630/632 gene duplication might be important, which was associated with their abundance of function. In marine angiosperm Z. marina, the stomatal development genes (SPCH, MUTE, FAMA, FLP, TMM, SDD1, EPF1, EPF2, EPFL9) are absent, consisting of its phenotype without stomata (Olsen et al., 2016). However, Z. marina possesses two RSD1 genes (Supplementary Figure S3). These results suggest that RSD1 is not only related to stomatal development, but also is important for plant growth.



RSD1 Is Required for Proper Expression of Stomatal Development-Related Genes

The RSD1/REL2 is dominantly expressed in the younger leaf blades (Supplementary Figure S5; Yang et al., 2016), suggesting that this gene is involved in stomatal development.

To investigate the relationship between RSD1 and stomatal development, we detected the transcript abundance of 18 important stomatal development genes by RT-qPCR in the base of young leaves in rsd1-1 (Figure 5). The expression of OsMUTE, OsEPF1, and OsSDD1 was down-regulated in rsd1-1 mutant, whereas the expression of OsICE1 and OsEPFL9 was upregulated (Figure 5). There were no significant changes in other stomatal development genes (Figure 5). The expression of OsMUTE and OsSDD1 was also significantly decreased in rsd1-2 (Supplementary Figure S6). Most small cell neighboring stomata cannot develop into stomata, and some of the GMCs arrested in the mutants. Thus, we suspected that these cells may not express OsMUTE, which may lead to the downregulation of OsMUTE in the rsd1 mutants. These results suggest that RSD1 is required for proper expression of stomatal development-related genes.
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FIGURE 5. Expression analysis of stomatal development regulation genes in rsd1-1 mutant. Analyzing the expression of stomatal development relative genes in rsd1-1 mutant by RT-qPCR. OsUBQ10 was used as the internal control. The error bars indicated mean ± SD, n = 3; ***P < 0.001. **0.001 < P < 0.01. *0.01 < P < 0.05 by Student’s t-test.




OsSDD1 Mutants Exhibit Similar Stomatal Phenotype to rsd1

The significant downregulation of OsSDD1 in rsd1 mutants led us to investigate the role of OsSDD1 in stomatal development. There was one copy of SDD1 in rice named OsSDD1 (Supplementary Figure S7). To explore the phenotype of OsSDD1, CRISPR/Cas9 genome editing was performed, and we obtained two mutants named ossdd1-1 and ossdd1-2 (Supplementary Figure S8). In ossdd1-1, 1 bp was inserted at nucleotide position between 131 and 132, resulting in a PTT. In ossdd1-2, the 131st nucleotide was deleted, which also led to a PTT (Supplementary Figure S8). We then observed the stomatal phenotype in mature leaves of ZH11, ossdd1-1, and ossdd1-2 (Figures 6A–D). Similar to rsd1 mutants, both ossdd1-1 and ossdd1-2 exhibited clustered stomata and extra small cell neighboring stomata (Figures 6B–D,J). In addition, we observed the stomatal development process in ossdd1-1 (Figures 6E–H). Similar to rsd1, an extra asymmetric division was observed in some larger sister cells of the ossdd1 mutants at stage III, producing an extra small cell neighboring GMC (Figure 6E). A few of extra small cells neighboring GMC could induce the formation of SC at Stage V (Figure 6G) and may finally divide equally to form paired GCs, resulting in clustered stomata at stage VI (Figure 6H). The stomatal density of ossdd1 mutants was slightly increased (Figure 6I), but the stomatal files had nothing different with ZH11 (Supplementary Figure S9). These observations suggested that OsSDD1 is required for restricting ectopic ACDs and clustered stomata but not needed for stomatal file density in rice.


[image: image]

FIGURE 6. Phenotypic analysis of ossdd1-1 and ossdd1-2 mutants. (A) Mature stomata of ZH11. (B) An extra small cell neighboring stoma in ossdd1-1. (C) Two-cluster stomata with four subsidiary cells in ossdd1-2. (D) Five-cell stomatal complex and ectopic stomatal patterning in ossdd1-2. (E) The extra division of large sister cell resulting in an extra small cell neighboring GMC at stage III in ossdd1-1. (F) GMC with a small cell at stage IV in ossdd1-1. (G) Stomata with a small cell sharing SC at stage V. (H) Morphogenesis and differentiation of clustered stomata at stage VI. Bars, 10 μm. The white arrowheads indicated extra small cells neighboring stomata. The white arrows indicated clustered stomata. (I) Quantification of the stomatal density at mature stage. (J) Quantification of the clustered stomata and extra small cells neighboring stomata at the fifth leave. The error bars indicated the mean ± SEM, n = 10; ***P < 0.001; *0.01 < P < 0.05 by Student’s t-test.




rsd1 Mutants Enhance the Dehydration Avoidance

As stomatal density was decreased in rsd1 mutants (Figure 1M), we performed a dehydration shock stress assay to determine the role of RSD1 in water deficit. In ZH11, the fresh weight was reduced to 56.62% after 2 h of water deficit shock. Compared with ZH11, the water loss rate of rsd1 mutants was significantly lower. The fresh weight of rsd1-1 and rsd1-2 was reduced to 65.57 and 67.94%, respectively, under the same treatment (Figure 7A). This result suggested that RSD1 is required for regulating water loss by modulating stomatal density.
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FIGURE 7. The rsd1 mutants increase dehydration avoidance, and the model showed RSD1 and OsSDD1 regulating stomatal development. (A) Water loss in 8 weeks old detached leaves at different time points with three replicates. Three independent experiments were performed with similar results. The error bars indicated the mean ± SEM, n = 3; **0.001 < P < 0.01, *0.01 < P < 0.05 by Student’s t-test. (B) The stomatal patterning in ZH11 and rsd1 mutants. (C) RSD1 and OsSDD1 required at early stage of stomatal development.




DISCUSSION

Stomata are key determinants of the trade-off between photosynthetic carbon fixation and water transpiration (Franks and Farquhar, 1999). Grasses with lower stomatal density have higher water use efficiency and greater drought tolerance than other species (Hughes et al., 2017). However, the detailed mechanisms of stomatal development in grasses were still very poorly understood. By forward genetic approach, we found RSD1, a new stomatal patterning regulatory gene, was required for inhibiting clustered stomata and promoting stomatal density (Figure 7B). Knockout of OsSDD1 also produced clustered stomata and extra small cells adjacent to the stomata. OsSDD1 and RSD1 are both required for inhibiting ectopic ACDs and clustered stomata (Figure 7C).

In grasses, stomatal patterning is established when each stomatal precursor in a cell file divides once asymmetrically in the same orientation to produce a GMC (Facette and Smith, 2012). Therefore, there may be two ways to produce clustered stomata. One is the disruption of the division direction in neighboring stomatal precursors; another is the reentry of stomatal development in large sister cells to produce a stoma neighboring preexisting stoma. The rsd1 mutants produce clustered stomata. Closer observation of stomatal development stages in the mutants showed that the direction of entry division was not affected. We found that the larger sister cell underwent an asymmetric division neighboring preexisting stoma or GMC, suggesting that the RSD1 is required for inhibiting reentry division in larger sister cells. Similar causes of clustered stomatal were also observed in ossdd1 mutants, suggesting that OsSDD1 is also involved in preventing larger sister cells from dividing asymmetrically and promoting the differentiation of larger sister cells into pavement cells. In addition, some GMCs arrested and failed to differentiate into GC in rsd1 mutants, suggesting a role of RSD1 in promoting GMC to differentiate into mature stomata. These results suggest that RSD1 promoted cell differentiation of both large sister cell and GMC.

The molecular mechanism of clustered stomata in grasses is still unknown. In Arabidopsis, AtSPCH and AtICE1/AtSCRM2 coordinately established stomatal fate (MacAlister et al., 2007; Kanaoka et al., 2008). When they accumulated, additional stomata will be produced, and all epidermal cells will be turned into stomata in extreme conditions (MacAlister et al., 2007; Kanaoka et al., 2008). The upstream MAPK and receptor ligand signals ensure that additional stomata are not produced by limiting the accumulation of fate determination transcription factors (Bergmann et al., 2004; Lampard et al., 2008; Putarjunan et al., 2019). In grass plants, it is found that overexpression of stomatal fate factor SPCH1/2 in B. distachyon could induce additional cell division in epidermal cells (Raissig et al., 2016; Wu et al., 2019). In POSTECH insertion mutant line of osspch2, the clustered stomata had been observed (Liu et al., 2009). Overexpression of ICE1 and SCRM2 produced only a small amount of extra cell division, whereas Ubipro:BdICE1scrmD produced clustered stomata (Raissig et al., 2016). In addition, the absence of BdYODA1 leads to the disorder of cell fate in stomatal files, which results in clustered stomata (Abrash et al., 2018). In the rsd1-1 mutant, the expression of ICE1 and EPFL9 was slightly up-regulated, which might be one of the reasons of clustered stomata.

AtSDD1 is expressed in pseudo-meristem cells and GMCs, and the stomatal density of the mutant with functional deletion increased by 2–4 times and clustered, and its overexpression inhibited stomatal differentiation and decreased stomatal density (Berger and Altmann, 2000; Von Groll et al., 2002). Its function is to regulate stomatal development in the upstream of TMM but independent of EPFL gene family (Von Groll et al., 2002). Its protein function is conserved to a certain extent and has a significant effect on stomatal density in tomato and maize (Liu et al., 2015; Morales-Navarro et al., 2018). However, the function of OsSDD1 in stomatal development is still unclear in rice. By constructing the knockout lines, we found that the ossdd1 mutants have clustered stomata and extra small cells neighboring stomata (Figures 6B–D). The phenotype of ossdd1 mutants is similar to rsd1-1. OsSDD1 and RSD1 are both required for inhibiting ectopic ACDs and clustered stomata.

In grasses, stomata are always arranged parallel and adjacent to leaf veins (Zwieniecki and Boyce, 2014; Nunes et al., 2020). The density of stomatal files was different in different development stages, species, or growth conditions (Stebbins and Shah, 1960). Therefore, the density of stomatal files is the key factor for stomatal density. The grass SHR/SCR is a common module that not only controls vein development and Kranz anatomy in maize (Slewinski et al., 2014; Hughes et al., 2019) but also regulates stomatal development in rice (Kamiya et al., 2003; Schuler et al., 2018; Wu et al., 2019). The deletion of OsSHRs will lead to the decrease of stomatal density in rice (Wu et al., 2019), while the overexpression of ZmSHRs in rice produces additional stomatal files far away from the vein to increase stomatal density (Schuler et al., 2018). In the rsd1-1 mutant, we observed a decrease in the density of stomatal files in the leaf at the seedling stage (Figure 1L). However, the expression of OsSHR and OsSCR was not significantly changed in the rsd1 mutants compared with ZH11 (Figure 5), suggesting that the decrease of stomatal files in the mutants is independent of OsSHR/OsSCR.

Rice is one of the most important food crops in the world. Although global climatic variability is a serious threat to food security, genetic engineering of stomatal development will enable us to create stress-tolerant crops (Serna and Fenoll, 2002; Korres et al., 2017). By controlling stomatal development and reducing stomatal density, rice can control water loss and make it easier to survive under drought conditions (Buckley et al., 2019). The lack of RSD1 led to a reduction of stomatal density and the leaf water loss rate in rice. The effect of stomatal density on plants has been applied to create drought-resistant crops (Buckley et al., 2019). Recent research has shown that excessive expression of EPF genes in wheat and rice can significantly improve water use efficiency without affecting plant yield when stomatal density is reduced (Caine et al., 2019; Dunn et al., 2019). Therefore, RSD1 can be used as a candidate gene for breeding of drought-resistant rice.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

QY and SH designed the experiments, and wrote the manuscript. QY, LC, WZ, TL, YA, ZW, YW, YX, and LY performed experiments, QY, LC, and SH revised the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We are grateful to Kunming Chen for kindly providing seeds of rel2 mutant. We appreciate the help of Dr. Yangwen Qian and Biogle Genetech Corporation in generating all CRISPR/Cas9 lines. This work was supported by the Ministry of Agriculture of the People’s Republic of China (Grant No. 2016ZX08009-003-002), the National Natural Science Foundation of China (NSFC) (Grant Nos. 31670185 and 31870251), the major project of Science and Technology of Gansu province (17ZD2NA016), and the Chang Jiang Scholars Program of China (2017).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.600021/full#supplementary-material


FOOTNOTES

1http://www.gramene.org/

2https://itol.embl.de/

3http://skl.scau.edu.cn/


REFERENCES

Abrash, E., Anleu Gil, M. X., Matos, J. L., and Bergmann, D. C. (2018). Conservation and divergence of YODA MAPKKK function in regulation of grass epidermal patterning. Development 145:dev165860. doi: 10.1242/dev.165860

Abrash, E. B., and Bergmann, D. C. (2010). Regional specification of stomatal production by the putative ligand CHALLAH. Development 137, 447–455. doi: 10.1242/dev.040931

Berger, D., and Altmann, T. (2000). A subtilisin-like serine protease involved in the regulation of stomatal density and distribution in Arabidopsis thaliana. Genes Dev. 14, 1119–1131. doi: 10.1101/gad.14.9.1119

Bergmann, D. C., Lukowitz, W., and Somerville, C. R. (2004). Stomatal development and pattern controlled by a MAPKK kinase. Science 304, 1494–1497. doi: 10.1126/science.1096014

Bergmann, D. C., and Sack, F. D. (2007). Stomatal development. Annu. Rev. Plant Biol. 58, 163–181.

Bowman, J. L., Kohchi, T., Yamato, K. T., Jenkins, J., Shu, S., Ishizaki, K., et al. (2017). Insights into land plant evolution garnered from the Marchantia polymorpha Genome. Cell 171, 287.e15–304.e15. doi: 10.1016/j.cell.2017.09.030

Buckley, C. R., Caine, R. S., and Gray, J. E. (2019). Pores for thought: can genetic manipulation of stomatal density protect future rice yields? Front. Plant Sci. 10:1783. doi: 10.3389/fpls.2019.01783

Caine, R. S., Yin, X., Sloan, J., Harrison, E. L., Mohammed, U., Fulton, T., et al. (2019). Rice with reduced stomatal density conserves water and has improved drought tolerance under future climate conditions. New Phytol. 221, 371–384. doi: 10.1111/nph.15344

Cartwright, H. N., Humphries, J. A., and Smith, L. G. (2009). A receptor-like protein that promotes polarization of an asymmetric cell division in maize. Science 323, 649–651. doi: 10.1126/science.1161686

Chen, L., Wu, Z., and Hou, S. (2020). SPEECHLESS speaks loudly in stomatal development. Front. Plant Sci. 11:114. doi: 10.3389/fpls.2020.00114

Dow, G. J., Berry, J. A., and Bergmann, D. C. (2014). The physiological importance of developmental mechanisms that enforce proper stomatal spacing in Arabidopsis thaliana. New Phytol. 201, 1205–1217. doi: 10.1111/nph.12586

Dunn, J., Hunt, L., Afsharinafar, M., Meselmani, M. A., Mitchell, A., Howells, R., et al. (2019). Reduced stomatal density in bread wheat leads to increased water-use efficiency. J. Exp. Bot. 70, 4737–4748. doi: 10.1093/jxb/erz248

Elert, E. (2014). Rice by the numbers: a good grain. Nature 514, S50–S51. doi: 10.1038/514S50a

Facette, M. R., Park, Y., Sutimantanapi, D., Luo, A., Cartwright, H. N., Yang, B., et al. (2015). The SCAR/WAVE complex polarizes PAN receptors and promotes division asymmetry in maize. Nat. Plants 1:14024. doi: 10.1038/nplants.2014.24

Facette, M. R., and Smith, L. G. (2012). Division polarity in developing stomata. Curr. Opin. Plant Biol. 15, 585–592. doi: 10.1016/j.pbi.2012.09.013

Franks, P. J., and Farquhar, G. D. (1999). A relationship between humidity response, growth form and photosynthetic operating point in C3 plants. Plant Cell Environ. 22, 1337–1349. doi: 10.1046/j.1365-3040.1999 00494. x

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., et al. (2010). Food security: the challenge of feeding 9 billion people. Science 327, 812–818. doi: 10.1126/science.1185383

Gonzalez-Mendoza, V., Zurita-Silva, A., Sanchez-Calderon, L., Sanchez-Sandoval, M. E., Oropeza-Aburto, A., Gutierrez-Alanis, D., et al. (2013). APSR1, a novel gene required for meristem maintenance, is negatively regulated by low phosphate availability. Plant Sci. 205-206, 2–12. doi: 10.1016/j.plantsci.2012.12.015

Gordon, S. P., Contreras-Moreira, B., Levy, J. J., Djamei, A., Czedik-Eysenberg, A., Tartaglio, V. S., et al. (2020). Gradual polyploid genome evolution revealed by pan-genomic analysis of Brachypodium hybridum and its diploid progenitors. Nat. Commun. 11:3670. doi: 10.1038/s41467-020-17302-5

Hara, K., Kajita, R., Torii, K. U., Bergmann, D. C., and Kakimoto, T. (2007). The secretory peptide gene EPF1 enforces the stomatal one-cell-spacing rule. Genes Dev. 21, 1720–1725. doi: 10.1101/gad.1550707

Hara, K., Yokoo, T., Kajita, R., Onishi, T., Yahata, S., Peterson, K. M., et al. (2009). Epidermal cell density is autoregulated via a secretory peptide, EPIDERMAL PATTERNING FACTOR 2 in Arabidopsis leaves. Plant Cell Physiol. 50, 1019–1031. doi: 10.1093/pcp/pcp068

Hetherington, A. M., and Woodward, F. I. (2003). The role of stomata in sensing and driving environmental change. Nature 424, 901–908. doi: 10.1038/nature01843

Hughes, J., Hepworth, C., Dutton, C., Dunn, J. A., Hunt, L., Stephens, J., et al. (2017). Reducing stomatal density in barley improves drought tolerance without impacting on yield. Plant Physiol. 174, 776–787. doi: 10.1104/pp.16.01844

Hughes, T. E., Sedelnikova, O. V., Wu, H., Becraft, P. W., and Langdale, J. A. (2019). Redundant SCARECROW genes pattern distinct cell layers in roots and leaves of maize. Development 146:dev.177543. doi: 10.1242/dev.177543

Hunt, L., and Gray, J. E. (2009). The signaling peptide EPF2 controls asymmetric cell divisions during stomatal development. Curr. Biol. 19, 864–869. doi: 10.1016/j.cub.2009.03.069

Kamiya, N., Itoh, J. I., Morikami, A., Nagato, Y., and Matsuoka, M. (2003). The SCARECROW gene’s role in asymmetric cell divisions in rice plants. Plant J. 36, 45–54. doi: 10.1046/j.1365-313X.2003.01856.x

Kanaoka, M. M., Pillitteri, L. J., Fujii, H., Yoshida, Y., Bogenschutz, N. L., Takabayashi, J., et al. (2008). SCREAM/ICE1 and SCREAM2 specify three cell-state transitional steps leading to Arabidopsis stomatal differentiation. Plant Cell 20, 1775–1785. doi: 10.1105/tpc.108.060848

Korres, N., Norsworthy, J., Burgos, N., and Oosterhuis, D. (2017). Temperature and drought impacts on rice production: an agronomic perspective regarding short-and long-term adaptation measures. Water Resour. Rural Dev. 9, 12–27. doi: 10.1016/j.wrr.2016.10.001

Lai, L. B., Nadeau, J. A., Lucas, J., Lee, E. K., Nakagawa, T., Zhao, L., et al. (2005). The Arabidopsis R2R3 MYB proteins FOUR LIPS and MYB88 restrict divisions late in the stomatal cell lineage. Plant Cell 17, 2754–2767. doi: 10.1105/tpc.105.034116

Lamesch, P., Berardini, T. Z., Li, D., Swarbreck, D., Wilks, C., Sasidharan, R., et al. (2012). The Arabidopsis information resource (TAIR): improved gene annotation and new tools. Nucleic Acids Res. 40, D1202–D1210. doi: 10.1093/nar/gkr1090

Lampard, G. R., MacAlister, C. A., and Bergmann, D. C. (2008). Arabidopsis stomatal initiation is controlled by MAPK-mediated regulation of the bHLH SPEECHLESS. Science 322, 1113–1116. doi: 10.1126/science.1162263

Lang, D., Ullrich, K. K., Murat, F., Fuchs, J., Jenkins, J., Haas, F. B., et al. (2018). The Physcomitrella patens chromosome-scale assembly reveals moss genome structure and evolution. Plant J. 93, 515–533. doi: 10.1111/tpj.13801

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H., et al. (2007). Clustal W and clustal X version 2.0. Bioinformatics 23, 2947–2948. doi: 10.1093/bioinformatics/btm404

Lau, O. S., and Bergmann, D. C. (2012). Stomatal development: a plant’s perspective on cell polarity, cell fate transitions and intercellular communication. Development 139, 3683–3692. doi: 10.1242/dev.080523

Lee, E., Lucas, J. R., and Sack, F. D. (2014). Deep functional redundancy between FAMA and FOUR LIPS in stomatal development. Plant J. 78, 555–565. doi: 10.1111/tpj.12489

Lee, J. S., Hnilova, M., Maes, M., Lin, Y.-C. L., Putarjunan, A., Han, S.-K., et al. (2015). Competitive binding of antagonistic peptides fine-tunes stomatal patterning. Nature 522, 439–443. doi: 10.1038/nature14561

Lee, J. S., Kuroha, T., Hnilova, M., Khatayevich, D., Kanaoka, M. M., McAbee, J. M., et al. (2012). Direct interaction of ligand-receptor pairs specifying stomatal patterning. Genes Dev. 26, 126–136. doi: 10.1101/gad.179895.111

Letunic, I., and Bork, P. (2017). 20 years of the SMART protein domain annotation resource. Nucleic Acids Res. 46, D493–D496. doi: 10.1093/nar/gkx922

Letunic, I., and Bork, P. (2019). Interactive tree of life (iTOL) v4: recent updates and new developments. Nucleic Acids Res. 47, W256–W259. doi: 10.1093/nar/gkz239

Liu, T., Ohashi-Ito, K., and Bergmann, D. C. (2009). Orthologs of Arabidopsis thaliana stomatal bHLH genes and regulation of stomatal development in grasses. Development 136, 2265–2276. doi: 10.1242/dev.032938

Liu, Y., Qin, L., Han, L., Xiang, Y., and Zhao, D. (2015). Overexpression of maize SDD1 (ZmSDD1) improves drought resistance in Zea mays L. by reducing stomatal density. Plant Cell Tiss. Organ Cult. 122, 147–159. doi: 10.1007/s11240-015-0757-8

Lu, J., He, J., Zhou, X., Zhong, J., Li, J., and Liang, Y. K. (2019). Homologous genes of epidermal patterning factor regulate stomatal development in rice. J. Plant Physiol. 23, 18–27. doi: 10.1016/j.jplph.2019.01.010

Luo, L., Zhou, W. Q., Liu, P., Li, C. X., and Hou, S. W. (2012). The development of stomata and other epidermal cells on the rice leaves. Biol. Plant. 56, 521–527. doi: 10.1007/s10535-012-0045-y

MacAlister, C. A., Ohashi-Ito, K., and Bergmann, D. C. (2007). Transcription factor control of asymmetric cell divisions that establish the stomatal lineage. Nature 445, 537–540. doi: 10.1038/nature05491

McKown, K. H., and Bergmann, D. C. (2020). Stomatal development in the grasses: lessons from models and crops (and crop models). New Phytol. 227, 1636–1648. doi: 10.1111/nph.16450

Morales-Navarro, S., Perez-Diaz, R., Ortega, A., de Marcos, A., Mena, M., Fenoll, C., et al. (2018). Overexpression of a SDD1-Like gene from wild tomato decreases stomatal density and enhances dehydration avoidance in Arabidopsis and cultivated Tomato. Front. Plant Sci. 9:940. doi: 10.3389/fpls.2018.00940

Nishimura, A., Aichi, I., and Matsuoka, M. (2006). A protocol for Agrobacterium-mediated transformation in rice. Nat. Protoc. 1, 2796–2802. doi: 10.1038/nprot.2006.469

Niwa, T., Kondo, T., Nishizawa, M., Kajita, R., Kakimoto, T., and Ishiguro, S. (2013). EPIDERMAL PATTERNING FACTOR LIKE5 peptide represses stomatal development by inhibiting meristemoid maintenance in Arabidopsis thaliana. Biosci. Biotechnol. Biochem. 77, 1287–1295. doi: 10.1271/bbb.130145

Nunes, T. D. G., Zhang, D., and Raissig, M. T. (2020). Form, development and function of grass stomata. Plant J. 101, 780–799. doi: 10.1111/tpj.14552

Ohashi-Ito, K., and Bergmann, D. C. (2006). Arabidopsis FAMA controls the final proliferation/differentiation switch during stomatal development. Plant Cell 18, 2493–2505. doi: 10.1105/tpc.106.046136

Olsen, J. L., Rouze, P., Verhelst, B., Lin, Y. C., Bayer, T., Collen, J., et al. (2016). The genome of the seagrass Zostera marina reveals angiosperm adaptation to the sea. Nature 530, 331–335. doi: 10.1038/nature16548

Ouyang, S., Zhu, W., Hamilton, J., Lin, H., Campbell, M., Childs, K., et al. (2007). The TIGR rice genome annotation resource: improvements and new features. Nucleic Acids Res. 35, D883–D887. doi: 10.1093/nar/gkl976

Pillitteri, L. J., Sloan, D. B., Bogenschutz, N. L., and Torii, K. U. (2007). Termination of asymmetric cell division and differentiation of stomata. Nature 445, 501–505. doi: 10.1038/nature05467

Putarjunan, A., Ruble, J., Srivastava, A., Zhao, C., Rychel, A. L., Hofstetter, A. K., et al. (2019). Bipartite anchoring of SCREAM enforces stomatal initiation by coupling MAP kinases to SPEECHLESS. Nat. Plants 5, 742–754. doi: 10.1038/s41477-019-0440-x

Qi, X., and Torii, K. U. (2018). Hormonal and environmental signals guiding stomatal development. BMC Biol. 16:21. doi: 10.1186/s12915-018-0488-5

Qu, X., Yan, M., Zou, J., Jiang, M., Yang, K., and Le, J. (2018). A2-type cyclin is required for the asymmetric entry division in rice stomatal development. J. Exp. Bot. 69, 3587–3599. doi: 10.1093/jxb/ery158

Raissig, M. T., Abrash, E., Bettadapur, A., Vogel, J. P., and Bergmann, D. C. (2016). Grasses use an alternatively wired bHLH transcription factor network to establish stomatal identity. Proc. Natl. Acad. Sci. U.S.A. 113, 8326–8331. doi: 10.1073/pnas.1606728113

Raissig, M. T., Matos, J. L., Gil, M. X. A., Kornfeld, A., Bettadapur, A., Abrash, E., et al. (2017). Mobile MUTE specifies subsidiary cells to build physiologically improved grass stomata. Science 355, 1215–1218. doi: 10.1126/science.aal3254

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425. doi: 10.1093/oxfordjournals.molbev.a040454

Schnable, P. S., Ware, D., Fulton, R. S., Stein, J. C., Wei, F., Pasternak, S., et al. (2009). The B73 maize genome: complexity, diversity, and dynamics. Science 326:1112. doi: 10.1126/science.1178534

Schuler, M. L., Sedelnikova, O. V., Walker, B. J., Westhoff, P., and Langdale, J. A. (2018). SHORTROOT-mediated increase in stomatal density has no impact on photosynthetic efficiency. Plant Physiol. 176, 757–772. doi: 10.1104/pp.17.01005

Serna, L., and Fenoll, C. (2002). Reinforcing the idea of signaling in the stomatal pathway. Trends Genet. 18, 597–600. doi: 10.1016/s0168-9525(02)02790-7

Shpak, E. D., McAbee, J. M., Pillitteri, L. J., and Torii, K. U. (2005). Stomatal patterning and differentiation by synergistic interactions of receptor kinases. Science 309, 290–293. doi: 10.1126/science.1109710

Slewinski, T. L., Anderson, A. A., Price, S., Withee, J. R., Gallagher, K., and Turgeon, R. (2014). Short-root1 plays a role in the development of vascular tissue and kranz anatomy in maize leaves. Mol. Plant 7, 1388–1392. doi: 10.1093/mp/ssu036

Stebbins, G., and Shah, S. (1960). Developmental studies of cell differentiation in the epidermis of monocotyledons: II. Cytological features of stomatal development in the Gramineae. Dev. Biol. 2, 477–500. doi: 10.1016/0012-1606(60)90050-6

Sugano, S. S., Shimada, T., Imai, Y., Okawa, K., Tamai, A., Mori, M., et al. (2010). Stomagen positively regulates stomatal density in Arabidopsis. Nature 463, 241–244. doi: 10.1038/nature08682

Tomato Genome, C. (2012). The tomato genome sequence provides insights into fleshy fruit evolution. Nature 485, 635–641. doi: 10.1038/nature11119

Vogel, J. P., Garvin, D. F., Mockler, T. C., Schmutz, J., Rokhsar, D., Bevan, M. W., et al. (2010). Genome sequencing and analysis of the model grass Brachypodium distachyon. Nature 463, 763–768. doi: 10.1038/nature08747

Von Groll, U., Berger, D., and Altmann, T. (2002). The subtilisin-like serine protease SDD1 mediates cell-to-cell signaling during Arabidopsis stomatal development. Plant Cell 14, 1527–1539. doi: 10.1105/tpc.001016

Wang, H., Guo, S., Qiao, X., Guo, J., Li, Z., Zhou, Y., et al. (2019). BZU2/ZmMUTE controls symmetrical division of guard mother cell and specifies neighbor cell fate in maize. PLoS Genet. 15:e1008377. doi: 10.1371/journal.pgen.1008377

Wang, H., Ngwenyama, N., Liu, Y., Walker, J. C., and Zhang, S. (2007). Stomatal development and patterning are regulated by environmentally responsive mitogen-activated protein kinases in Arabidopsis. Plant Cell 19, 63–73. doi: 10.1105/tpc.106.048298

Wu, Z., Chen, L., Yu, Q., Zhou, W., Gou, X., Li, J., et al. (2019). Multiple transcriptional factors control stomata development in rice. New Phytol. 223, 220–232. doi: 10.1111/nph.15766

Xie, X., Ma, X., Zhu, Q., Zeng, D., Li, G., and Liu, Y.-G. (2017). CRISPR-GE: a convenient software toolkit for CRISPR-based genome editing. Mol. Plant 10, 1246–1249. doi: 10.1016/j.molp.2017.06.004

Xu, N., Wang, R., Zhao, L., Zhang, C., Li, Z., Lei, Z., et al. (2016). The Arabidopsis NRG2 protein mediates nitrate signaling and interacts with and regulates key nitrate regulators. Plant Cell 28, 485–504. doi: 10.1105/tpc.15.00567

Yang, S. Q., Li, W. Q., Miao, H., Gan, P. F., Qiao, L., Chang, Y. L., et al. (2016). REL2, a gene encoding an unknown function protein which contains DUF630 and DUF632 domains controls leaf rolling in rice. Rice 9:37. doi: 10.1186/s12284-016-0105-6

Young, N. D., Debelle, F., Oldroyd, G. E., Geurts, R., Cannon, S. B., Udvardi, M. K., et al. (2011). The Medicago genome provides insight into the evolution of rhizobial symbioses. Nature 480, 520–524. doi: 10.1038/nature10625

Zwieniecki, M. A., and Boyce, C. K. (2014). Evolution of a unique anatomical precision in angiosperm leaf venation lifts constraints on vascular plant ecology. Proc. Biol. Sci. 281:20132829. doi: 10.1098/rspb.2013.2829


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Yu, Chen, Zhou, An, Luo, Wu, Wang, Xi, Yan and Hou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 25 May 2021
doi: 10.3389/fpls.2021.668792






[image: image2]

The Cyclophilin ROC3 Regulates ABA-Induced Stomatal Closure and the Drought Stress Response of Arabidopsis thaliana

Huiping Liu1, Jianlin Shen1, Chao Yuan1, Dongxue Lu1, Biswa R. Acharya2, Mei Wang1, Donghua Chen1 and Wei Zhang1*


1Key Laboratory of Plant Development and Environmental Adaption Biology, Ministry of Education, School of Life Science, Shandong University, Qingdao, China

2College of Natural and Agricultural Sciences, University of California, Riverside, Riverside, CA, United States

Edited by:
Wenxiu Ye, Shanghai Jiao Tong University, China

Reviewed by:
Izumi C. Mori, Okayama University, Japan
 Agnieszka Katarzyna Banas, Jagiellonian University, Poland

*Correspondence: Wei Zhang, weizhang@sdu.edu.cn

Specialty section: This article was submitted to Plant Cell Biology, a section of the journal Frontiers in Plant Science

Received: 17 February 2021
 Accepted: 28 April 2021
 Published: 25 May 2021

Citation: Liu H, Shen J, Yuan C, Lu D, Acharya BR, Wang M, Chen D and Zhang W (2021) The Cyclophilin ROC3 Regulates ABA-Induced Stomatal Closure and the Drought Stress Response of Arabidopsis thaliana. Front. Plant Sci. 12:668792. doi: 10.3389/fpls.2021.668792



Drought causes a major constraint on plant growth, development, and crop productivity. Drought stress enhances the synthesis and mobilization of the phytohormone abscisic acid (ABA). Enhanced cellular levels of ABA promote the production of reactive oxygen species (ROS), which in turn induce anion channel activity in guard cells that consequently leads to stomatal closure. Although Cyclophilins (CYPs) are known to participate in the biotic stress response, their involvement in guard cell ABA signaling and the drought response remains to be established. The Arabidopsis thaliana gene ROC3 encodes a CYP. Arabidopsis roc3 T-DNA mutants showed a reduced level of ABA-activated S-type anion currents, and stomatal closure than wild type (WT). Also, roc3 mutants exhibited rapid loss of water in leaf than wild type. Two complementation lines of roc3 mutants showed similar stomatal response to ABA as observed for WT. Both complementation lines also showed similar water loss as WT by leaf detached assay. Biochemical assay suggested that ROC3 positively regulates ROS accumulation by inhibiting catalase activity. In response to ABA treatment or drought stress, roc3 mutant show down regulation of a number of stress responsive genes. All findings indicate that ROC3 positively regulates ABA-induced stomatal closure and the drought response by regulating ROS homeostasis and the expression of various stress-activated genes.

Keywords: ROC3, abscisic acid, stomatal closure, drought stress, anion channel, reactive oxygen species, catalase


INTRODUCTION

Drought stress causes a major constraint on plant growth, development, and productivity (Langridge and Reynolds, 2015). Stomata are surrounded by pairs of specialized epidermal cells termed guard cells, and which are essential for controlling gas exchange (carbon dioxide and oxygen) and water loss. Plants have the ability to adapt to drought stress by regulating stomatal closure (Agurla et al., 2018). The turgor and volume of the pair of guard cells determine the extent of the stomata's aperture (Schroeder et al., 2001). Various environmental cues regulate stomatal movement, but at the cellular level the most critical factor is the phytohormone abscisic acid (ABA) (Raghavendra et al., 2010; Kollist et al., 2014; Osakabe et al., 2014; Murata et al., 2015). During moisture deficiency, ABA synthesis in the leaf vasculature is enhanced and the hormone is transported to guard cells (Seo and Koshiba, 2011; Munemasa et al., 2015). The accumulation of ABA activates S-type anion channels in guard cells, resulting in an efflux of anions and a consequent decreases in guard cells' turgor, which eventually induces stomatal closure (Li et al., 2000; Wang et al., 2001; Vahisalu et al., 2008).

The simultaneous functions of many signaling molecules in guard cells provide stomatal defense response against drought stress. Reactive oxygen species (ROS) are major secondary messengers which play a crucial role in ABA-triggered stomatal closure (Pei et al., 2000; Zhang et al., 2001; Kwak et al., 2003; Bright et al., 2006; Miao et al., 2006; Murata et al., 2015). Drought stress induces the accumulation of ABA in guard cells, subsequently that leads to the activation of NADPH oxidase and the promotion of ROS production. The elevated level of ROS can also enhance the level of NO and cytosolic calcium. As a result, plasma membrane localized anion channels in guard cells are activated, consequently that leads to the efflux of anions and stomatal closure (Pei et al., 2000; Schroeder et al., 2001; Kwak et al., 2003; Mori et al., 2006; Munemasa et al., 2015). However, oxidative stress is induced in response to high concentration of ROS that causes injuries in plant cells. Hence plant cells are equipped with the antioxidant systems composed of superoxide dismutase (SOD), glutathione peroxidase (GPX), ascorbate peroxidase (APX), catalase (CAT), and non-enzymatic antioxidants to control the homeostasis of ROS (Willekens et al., 1997; Corpas et al., 2001; Mittler, 2002; Apel and Hirt, 2004; Nyathi and Baker, 2006; Palma et al., 2009; Jannat et al., 2011). However, uncontrolled action of antioxidant systems could reduce appropriate levels of ROS that function as secondary messengers, which would negatively impact the ABA and/or drought signal transduction systems. It is unknown how antioxidant systems are regulated during ABA and drought signaling to maintain the suitable levels of ROS in plants.

The Cyclophilins (CYPs) belong to a large class of proteins, referred to as the immunophilins. This class of protein is widely distributed across both prokaryotes and eukaryotes (Handschumacher et al., 1984; Wang et al., 2005; Kim et al., 2012). Plant CYPs have been shown to participate in a diversity of physiological processes, including protein folding, transcriptional regulation, and stress response (Santos and Park, 2019). For example, the rice protein CYP18-2, regulates the transcription and post-transcriptional modification of a number of stress-related genes (Lee et al., 2015), and over-expression of rice CYP19-4 could enhance the plant cold tolerance as well (Yoon et al., 2016). There are 29 genes predicted to encode CYP or CYP-like proteins in the Arabidopsis thaliana genome (He et al., 2004). The ROC3 (also known as AtCYP19-1) has been shown to boost the plant's ability to withstand infection by the pathogen Pseudomonas syringae (Pogorelko et al., 2014). The present experiments were designed to explore whether ROC3 also plays any roles in drought stress tolerance and ABA signaling in A. thaliana.



MATERIALS AND METHODS


Plant Materials and Growing Conditions

The A. thaliana, Columbia-0 (Col-0) was used as the wild-type (WT) for all experiments in this study. Seeds of the two T-DNA insertion mutants, roc3-1 (SALK_063724c) and -2 (SALK_095698c), in Columbia-0 background, were obtained from Arabidopsis Biological Resource Center (http://abrc.osu.edu/). The homozygous status of both T-DNA mutants was verified using a PCR assay (primer sequences are given in Supplementary Table 1). Seeds were surface sterilized in 75% v/v ethanol for 3 min, followed by 1 min in 95% v/v ethanol and then dried in air. The sterilized seeds were plated on half strength Murashige and Skoog (1962) medium (1/2 MS) containing 0.7% w/v agar. The plates were kept in the dark for 3 days at 4°C for vernalization, then transferred to a controlled growth chamber (~70% relative humidity) for 7–10 days, with 16 h photoperiod (100 μmol m−2s−1 fluorescent lamp light) and day/night temperature regime of 22 ± 1°C/16 ± 4°C. Thereafter, the seedlings were transplanted to pots containing mixture of soil and vermiculite (2:1 (v/v), and transferred back to the growth chamber.



Generation of Transgenic Plants Harboring pROC3::GUS and GUS Assay

The ROC3 native promoter, 1854 bp fragment upstream of the initiation codon (from CTTCTCACAT to AAAAAAAGAA of WT genomic DNA), was PCR-amplified from WT genomic DNA using the primer pair ROC3-GUS-F/R (sequences are given in Supplementary Table 1) and the amplicon was inserted into the HindIII and SmaI cloning sites of the pCambia-ubiGUS vector to generate the construct pROC3::GUS. The recombinant plasmid was introduced into Agrobacterium tumefaciens strain GV3101, then transformed into Arabidopsis via Agrobacterium-mediated transformation using the floral dip technique (Clough and Bent, 1998). pROC3::GUS activity was detected in seedling (2-week-old), root (2-week-old), leaf (2-week-old), flower (6-week-old), silique (8-week-old), and guard cells (4-week-old) of transgenic plants. The described plant tissues were immersed for ~3 h at 37°C in 50 mM sodium phosphate buffer (pH 7.2) containing 2 mM X-Gluc, 2 mM K3Fe(CN)6, 2 mM K4Fe(CN)6, 0.1% v/v Triton X-100, and 10 mM EDTA. Subsequently, the samples were incubated in absolute ethanol to remove chlorophyll and then inspected under a stereomicroscope (SZX2-ILLT; OLYMPUS, Tokyo, Japan). For ABA treatment tests, the samples were treated with 50 μM ABA or absolute ethanol (solvent control) respectively for 2.5h before staining. Relative GUS activity was quantified from three independent biological replicates using ImageJ open source software (v. 1.37, https://imagej.nih.gov/ij/).



Subcellular Localization Assay of ROC3

To generate the construct p35S::ROC3-GFP, the full length cDNA of ROC3 was PCR-amplified from WT cDNA using the primer pair ROC3-GFP-F/R (Supplementary Table 1) and the amplicon inserted into the BamHI and SalI sites of the pBI221-GFP vector, with the GFP in the carboxyl terminus (Lin et al., 2009). The plasmids p35S::GFP, p35S::ROC3-GFP and p35S::AHL22-RFP (used as a nuclear localization marker) (Xiao et al., 2009) were isolated with NucleoBond® Xtra Midi Kit (Macherey-Nagel, Germany) and transfected into Arabidopsis mesophyll protoplasts (Sheen, 2001). The protoplast cultures were incubated in the dark for 16 h at 23°C and then fluorescence was assessed using laser scanning confocal microscopy (LSM880; Carl Zeiss, Oberkochen, Germany). The GFP signal was detected at excitation wavelengths of 488 and emission between 495 and 540 nm. The excitation of RFP was conducted at 543 nm, with emission being captured between 580 and 620 nm.



Stomatal Aperture Assay

The bioassay for stomatal aperture was performed as reported by Li et al. (2016) with a slight modification. In short, the leaves of 4-week-old plants were excised and incubated in closure buffer (20 mM KCl, 1 mM CaCl2, 5 mM MES-KOH, pH 6.15) at 23°C for 2.5 h in light (100 μmol m−2s−1 fluorescent lamp light), then added ABA (1, 10, 50 μM), 20 mM 3-amino-1,2,4-triazole (AT, an inhibitor of catalase) (Jannat et al., 2011), 100 μM H2O2 or absolute ethanol (solvent control) respectively for an additional 2.5 h in the same incubation place and condition. Subsequently, abaxial epidermal strips were peeled off and immediately photographed by a light inverted microscope. Stomatal aperture width and length were measured by the open access software ImageJ (v1.37, https://imagej.nih.gov/ij/). Each experiment included at least three biological replicates, with no fewer than 60 guard cells that were measured per each sample. The Student′s t-test was used to determine whether differences between mean values were statistically significant.



Drought Stress and Water Loss Experiments

Seedlings were potted into the soil/vermiculite mixture and grown for about 4 weeks in well-watered condition, then water was withheld for 3 weeks. At the end of the treatment, the plants were re-watered over a 3 d period and photographed. Water loss assay from detached rosette leaves was sampled from 4-week-old well-watered plants. Detached rosette leaves were placed on filter paper in the light at room temperature and measured by weighing the leaves every 30 min over a 3 h period to measure the rate of water loss. The entire experiment was performed at least three biological replicates in the controlled growth chamber under the same light condition.



qRT-PCR Assay

Two-week-old seedlings grown on a half-strength Murashige-Skoog (1/2 MS) medium (0.7% w/v agar) were incubated in liquid 1/2 MS for 24 h in a growth chamber (~70% relative humidity, 16 h photoperiod, 100 μmol m−2s−1 fluorescent lamp light, 22 ± 1°C/16 ± 4°C). Then the first set of seedlings was transferred to 1/2 MS liquid medium containing ABA (final concentration 50 μM); and a second set of seedlings was exposed on filter paper for drought treatment. Both ABA and drought treated seedlings, together with their control samples, were placed in the controlled growth chamber. Treated samples and their controls were collected at the same time after treatments, and snap-frozen in liquid nitrogen. RNA extracted from the frozen seedlings using the TRIzol reagent (Sigma–Aldrich, St. Louis, United States), was used to synthesize cDNA using a 5X All-In-One MasterMIX (with an AccuRT Genomic DNA Removal Kit (ABM, Canada). A quantitative real time (qRT)-PCR assay was performed using the FastStart Universal SYBR Green master mix (Roche, Basel, Switzerland) and the ROC3-qRT-F/R and ACTIN2-qRT-F/R primer pairs (Supplementary Table 1). qRT-PCR was also performed to quantify the transcript abundances of various genes encoding ROS signaling enzymes and stress-responsive proteins using specific primer pairs (Supplementary Table 1). All the quantitative analyses included three independent biological replicates, and each replicate contained three technical duplicates. ACTIN2 used as the internal reference. The reaction steps were firstly pre-incubated at 95°C for 300 s, then ran 40 cycles with 95°C for 15 s, 58°C for 15 s, and 72°C for 20 s. CFX ConnectTM Real-Time PCR Detection System (Bio-Rad, California, U.S.A.) was used and the data was quantified by the ΔΔCt method.



Complementation of the roc3 Loss-of-Function Mutants

The ROC3 open reading frame was PCR-amplified from Col-0 cDNA using the primer pair ROC3-C-F/R (Supplementary Table 1). The amplicon was inserted into the SmaI and SacI cloning sites of pROC3::GUS vector to generate the transgene construct pROC3::ROC3. Agrobacterium tumefaciens (strain GV3101) was transformed using this construct. The roc3-1 and roc3-2 mutants were transformed via Agrobacterium mediated transformation using the floral dip method (Clough and Bent, 1998). Transformants were selected on 1/2 MS Agar medium containing 30 mg/L hygromycin. ROC3 complementation lines generated from roc3-1 and roc3-2 mutants were named as C-1 and C-2, respectively.



Guard Cell Isolation and Electrophysiology

A. thaliana guard cell protoplasts were isolated as described previously (Zhang et al., 2008) with slight modifications. In brief, 10–12 rosette leaves from 4-week-old plants were cut off, and epidermal strips were peeled off. Then, the peeled epidermal strips were blended in a blender filled with 750 mL cold distilled water for 30 s, and filtered through a 100-μm nylon mesh and placed in a 10 mL beaker filled with 2 mL enzyme solution I [0.7% Cellulysin cellulase, 0.1% PVP-40, 0.25% BSA in 55% basic solution (5 mM MES, 0.5 mM CaCl2, 0.5 mM MgCl2, 0.5 mM ascorbic acid, 10 μM KH2PO4, 0.55 M sorbitol, pH 5.5)]. The beaker was placed in a water bath shaker and shook at 80 rpm for 30 min at 28°C, then 2 mL basic solution was added to enzyme solution I and shook for another 10 min. After that, the strips were filtered through a 100-μm nylon mesh and placed in beaker containing 2 mL enzyme solution II (1.5% Onuzuka cellulase RS, 0.01% cellulase Y-23, 0.25% BSA in 100% basic solution), and shaking was continued at 60 rpm for at least 15 min. Subsequently, the materials were mixed by pipetting up and down with a 1-mL pipette and filtered through a 30-μm nylon mesh. The protoplasts were centrifuged at 800 rpm for 5 min and washed twice with basic solution.

The whole-cell mode patch-clamp electrophysiology tests were carried out as described in the previous articles (Schroeder and Hagiwara, 1989; Pei et al., 1997; Vahisalu et al., 2008; Acharya et al., 2013). For anion current recordings, the bath solution contained 2 mM MgCl2, 30 mM CsCl, 1 mM CaCl2, 10 mM MES-Tris (pH 5.6) and the osmolarity of this solution was adjusted to 480 mOsm with sorbitol. The pipette solution contained 150 mM CsCl, 2 mM MgCl2, 6.7 mM EDTA, 3.35 mM CaCl2, and 10 mM HEPES (pH 7.5), the osmolarity of this solution was adjusted to 500 mOsm with sorbitol. ATP (10 mM Mg-ATP) and GTP (10 mM) were added to it before experiments. The whole-cell currents were recorded using the Axopath-200B amplifier (Molecular Devices, Downingtown, PA, USA) after the whole-cell configuration was achieved. The holding potential was +30 mV and voltage steps were applied from −145 to +35 mV with +30 mV increments, and each test voltage lasted 60 s. For ABA treatment tests, guard cell protoplasts were treated with 50 μM ABA for at least 1h before measurement. In order to obtain the currents and draw the current density voltage plots, pCLAMP software (version10.2; Axon Instruments, Sunnyvale, CA, USA) and SigmaPlot 12.0 (Systat Software, Richmond, CA, USA) were used respectively.



Quantification of Guard Cell ROS and Leaf H2O2 and Catalase Levels

Quantification ROS content of both WT and roc3 guard cells was performed using the fluorescent dye CM-H2DCFDA (Thermo Fisher, Waltham, MA, USA) as described previously with slight modifications (Miao et al., 2006; Zhang et al., 2011). In order to open the stomata, abaxial epidermis strips were prepared from the leaves of 4-week-old plants and immersed in 1 mM CaCl2, 20 mM KCl, 5 mM MES-KOH (pH 6.15) for 2.5 h in the light; then added 50 μM ABA or absolute ethanol as solvent control and the incubation continued for an additional 2.5 h. At the end of this period, the epidermal peels were transferred to aqueous 50 μM CM-H2DCFDA for 10 min in the dark, then rinsed at least three times in distilled water to remove excess dye. The H2DCFDA fluorescence was captured using laser scanning confocal microscope and inverted fluorescence microscope (TI-1; NIKON, Tokyo, Japan), and the fluorescence intensity was quantified by using ImageJ software.

To measure the leaf H2O2 content, the leave samples (4-week-old) were first weighed and immersed in liquid buffer (20 mM KCl, 1 mM CaCl2, 5 mM MES-KOH, pH 6.15) for 2.5 h, then added 50 μM ABA or absolute ethanol (solvent control), and the incubation continued for a additional 2.5 h. Snap-frozen leaf material was ground to a powder and processed using a commercial H2O2 content determination kit (Comin, Suzhou, China) according to the supplier's protocol. Finally, 200 μL aliquots of these reaction mix were pipetted into plates, and their absorbance at 415 nm was measured; H2O2 content was calculated according to the formula: H2O2 (μmol/g) = 2.67 × (ΔA − 0.0006) ÷ W (ΔA = Asample − −Ablank, W:sample weight).

Catalase assay were performed using a CAT detection kit (Comin, Suzhou, China). The samples were treated as described above in the method of H2O2 content assay. Then catalase extraction was performed according to the manufacturers' instruction. To quantify catalase, 10 μL aliquot of the extract added to 190 μL of Comin catalase reaction solution in a 96-well UV plate. The reactions' absorbance at 240 nm was recorded immediately (A1) and subsequently after 1 min (A2). Catalase activity was calculated on the basis of the formula: CAT (nmol/min/g) = 918 × ΔA ÷ W (ΔA = A1 − −A2, W:sample weight).




RESULTS


The Response of ROC3 to ABA Treatment and Drought Stress

Gene expression profiles of ROC3 showed that the gene was induced by both ABA treatment and drought stress (Figures 1A,B). To test spatial expression of ROC3 promoter, histochemical analysis was performed in transgenic plants expressing pROC3::GUS construct. GUS expression was observed in seedling, leaf, flower, and silique (Figures 1D–G). Besides, ROC3 promoter was mildly induced in the guard cells of plants treated with ABA (Figures 1C,H,I). Transient expression of GFP-tagged ROC3 (p35S::ROC3-GFP) in Arabidopsis mesophyll protoplasts showed that ROC3 located in both the cytoplasm and the nucleus (Figure 1J). To further confirm the nucleus localization of ROC3, the p35S::ROC3-GFP was co-transformed into protoplasts with the p35S::AHL22-RFP (AHL22, a known nucleus protein), and the GFP and RFP signals substantially overlapped in the nucleus (Figure 1J).


[image: Figure 1]
FIGURE 1. Transcriptional and expression profiling of ROC3. (A,B) Relative transcript abundances assessed using qRT-PCR in seedlings subjected to (A) ABA treatment, (B) drought stress. (C) Relative GUS activity of pROC3::GUS in guard cells. Error bars represent the SE (n = 30), **: means differed significantly from control (P < 0.01). The experiments were repeated three times with similar results. (D–I) GUS staining reveals the tissue expression of pROC3::GUS transgene in (D) the whole seedling (bar: 1.5 mm), (E) the leaf (bar: 0.3 mm), (F) the flower (bar: 0.3 mm), (G) the silique (bar: 1 mm) and (H,I) guard cells in plants (H) not exposed to ABA (bar: 10 μm), (I) exposed to 50 μM ABA (bar: 10 μm). (J) The topological expression of p35S::GFP, p35S::ROC3-GFP, and p35S::AHL22-RFP in protoplasts (bar: 10 μm).




The Stomatal Closure in roc3 Is Hyposensitive to ABA and roc3 Mutants Show a Lower Tolerance to Drought Stress

Since the expression of ROC3 could be induced by ABA (Figure 1A) and pROC3::GUS was expressed in guard cells (Figures 1H,I), we hypothesized that ROC3 may play a role in ABA-regulated stomatal movement. Two independent T-DNA insertion roc3 mutants (Figures 2A,B; Supplementary Figure 1) were used to examine the role of ROC3 in stomatal closure. Under control conditions, stomatal apertures did not show significant difference between either of the roc3 mutants and WT, but when leaves were treated with a range of ABA concentrations (1–50 μM), the aperture of the mutants' stomata was clearly bigger than that of WT stomata (Figure 2C). Similarly, the rate of water loss from roc3 mutant excised rosette leaves was higher than WT plants (Figure 2D), while the survival rate of soil-grown roc3 mutant plants was lower than that of WT plants after rehydration (Figures 2E,F).


[image: Figure 2]
FIGURE 2. Stomatal closure in ROC3 knock-down mutants is induced by exposure to ABA and the plants exhibit a lesser level of drought tolerance. (A) The T-DNA insertion points in the two independent roc3 mutants. (B) Relative ROC3 transcript abundances assessed using qRT-PCR in WT and roc3 seedlings. Values shown in the form mean ± SE (n = 3). (C) ABA-induced stomatal closure, as quantified by the stomatal width/length ratio measured in at least 60 stomata per genotype per replicate. Error bars represent the SE (n = 60), **: means differed significantly from WT (P < 0.01). (D) The rate of water loss from detached rosette leaves of WT and roc3 mutants. Values shown in the form mean ± SE (n = 3), *: means differed significantly from WT (P < 0.05). (E) The appearance of WT and roc3 mutant plants grown under conditions of drought stress. (F) The survival rate of WT and roc3 mutant plants grown under conditions of moisture stress. Data are shown as means ± SE (n = 8).




The pROC3::ROC3 Transgene Rescues the Drought Stress Phenotype of the roc3 Mutants

To further confirm the function of ROC3 in stomatal regulation and drought response, we generated transgenic plants harboring pROC3::ROC3 in roc3 mutant backgrounds. The abundance of ROC3 transcript in the ROC3 complementation lines, C1 and C2, was similar as in WT plants (Figure 3A). When C-1 and C-2 line plants were assessed either for their water loss from detached rosette leaves or their growth response to drought stress, their performance was almost indistinguishable from that of WT plants (Figures 3B,D,E). Similarly, stomatal aperture was similar between ROC3 complementation lines and WT plants upon ABA treatment (Figure 3C).


[image: Figure 3]
FIGURE 3. The insertion of the pROC3::ROC3 transgene rescues the roc3 mutants' phenotype. (A) Relative ROC3 transcript abundances assessed using qRT-PCR in WT and the complementation lines C-1 and C-2. Error bars represent the SE (n = 3). (B) The rate of water loss from rosette leaves detached from WT, C-1, and C-2 plants. Values shown in the form mean ± SE (n = 3). (C) ABA-induced stomatal closure in the WT, C-1, and C-2 leaf epidermis, stomatal aperture width/length ratios measured in at least 60 stomata per genotype per replicate. Data are shown as means ± SE (n = 60). (D) The survival rate of WT, C-1, and C-2 plants growing under drought stress conditions. Values shown in the form mean ± SE (n = 3). (E) The appearance of drought-stressed WT, C-1, and C-2 plants.




ROC3 Influences the Activation of S-Type Anion Channels in Plants Exposed to ABA

Previous research findings described that the activation of S-type anion channels in guard cell plasma membrane can lead to anion outflow, change in guard cell turgor, and finally promote stomatal closure (Vahisalu et al., 2008; Kim et al., 2010; Zhang et al., 2018). To investigate whether ROC3 positively regulates ABA-induced stomatal closure through the activation of S-type anion channels, we examined the activity of S-type anion channel currents in guard cells. Under control conditions, no difference was observed for S-type anion channel currents in the guard cells of WT, roc3 mutants and the two ROC3 complementation lines. In contrast, in response to ABA, ABA-activated of anion currents was clearly smaller in the roc3 mutants than in either WT or the C-1 and C-2 lines (Figures 4A,B).


[image: Figure 4]
FIGURE 4. ROC3 is involved in the ABA-induced activation of anion channels in guard cells. (A) Patch-clamp whole cell recordings of S-type anion currents present in guard cell protoplasts isolated from WT, roc3 mutants and the C-1 and C-2 complementation lines, incubated in the presence/absence of 50 μM ABA. (B) Average current-voltage relationships of whole cell S-type anion currents. The number of guard cells measured were: WT (5), WT+ABA (6), roc3-1 (4), roc3-1+ABA (6), roc3-2 (5), roc3-2+ABA (6), C-1 (4), C-1+ABA (6), C-2 (4), C-2+ABA (5). Values shown in the form mean ± SE.




The Accumulation of Cytosolic ROS Is Reduced by the Absence of Functional ROC3

ROS are crucial messenger molecules that participate in ABA regulation of anion channels and stomatal movement (Pei et al., 2000; Zhang et al., 2001; Munemasa et al., 2007). We wanted to know whether ROC3 plays any regulatory roles in ABA-triggered ROS accumulation. Firstly, a fluorescence-based assay was used to measure the ROS content of WT and roc3 guard cells. In the control condition, the guard cells of roc3 showed reduced accumulation of ROS compared to WT. In response to ABA, the guard cells of WT showed higher accumulation of ROS compared to the guard cells of roc3 (Figures 5A,B; Supplementary Figure 2). Similarly, H2O2 levels were lower in ABA-treated roc3 than in ABA-treated WT plants (Figure 5C). After ABA treatment, the absence of ROC3 had no obvious effect on the transcripts of two NADPH oxidase genes, RbohD and RbohF, which are involved in the ABA induced ROS production (Supplementary Figure 3). However, there was a moderate effect on the expression of both CAT1 and CAT2, genes encode catalases which act as ROS scavengers: the expression of both genes was greater in roc3 mutants than in WT plants upon ABA treatment (Figures 5D,E). Similarly, leaf catalase activity was higher in the mutants' leaves than WT in response to ABA treatment (Figure 5F).


[image: Figure 5]
FIGURE 5. The accumulation of ROS is less efficient in roc3 mutants than in WT guard cells. (A) Laser confocal micrographs revealing the ROS content of guard cells sampled from WT or roc3 mutant plants either exposed or not exposed to ABA; the fluorescent signal is generated from CM-H2DCFDA. (B) Quantification of the fluorescence intensities shown in (A). At least 100 guard cells were sampled from each genotype. Error bars represent the SE (n = 100). The experiments were repeated three times with similar results. (C) The H2O2 content in the leaf of WT and roc3 plants, either exposed or not exposed to 50 μM ABA. Values shown in the form mean ± SE (n = 3). (D,E) Relative transcript abundances assessed using qRT-PCR in plants either exposed or not exposed to ABA: (D) CAT1, (E) CAT2. Data are shown as means ± SE (n = 3). (F) Quantification of catalase activity assay in WT and roc3 mutants, either exposed or not exposed to 50 μM ABA. Values shown in the form mean ± SE (n = 3). *,**: values differed significantly from WT (P < 0.05, 0.01).




ROS Accumulation Participates in ROC3-Regulated Stomatal Closure

To explore whether ROC3 was involved in ABA-induced stomatal closure by affecting ROS accumulation, we carried out stomatal closure experiments with H2O2 or AT (an inhibitor of catalase) treatment, in the presence or absence of ABA. The absence of functional ROC3 had no discernible effect on H2O2-induced stomatal closure in leaf epidermis strips, but the genotypic difference in stomatal aperture induced by ABA treatment was abolished by addition of exogenous H2O2 (Figure 6A). AT treatment had little influence on the stomatal movement, but the presence of AT promoted ABA-induced stomatal closure and abolished the difference in ABA-promoted stomatal closure between WT and roc3 (Figure 6B).


[image: Figure 6]
FIGURE 6. ROC3 participates in ROS signal-regulated stomatal closure. (A) Stomatal closure assays of WT and roc3 mutant leaf epidermis treated with either ABA and/or H2O2, and stomatal aperture width/length ratios measured in at least 60 stomata per genotype per replicate. Means shown in the form mean ± SE (n = 60), **: means differed significantly from WT (P < 0.01). (B) Stomatal closure assays of WT and roc3 mutant leaf epidermis treated with ABA and/or AT, and stomatal aperture width/length ratios measured in at least 60 stomata per genotype per replicate. Values shown in the form mean ± SE (n = 60), **: means differed significantly from WT (P < 0.01). Both of the experiments were repeated three times.




ROC3 Influences the Expression Levels of Stress-Responsive Genes

Previous findings have shown that, ABA can induce the expression of many downstream key genes involved in plant dehydration stress (Yamaguchi-shinozaki and Shinozaki, 2006; Ju et al., 2020). An examination of the effect of ROC3 on the transcription of a series of genes known to participate in the stress response (RD29A, RD29B, RAB18, ABI5, ABF2, ABF3, ERD10, and COR47) showed that in each gene, transcript abundances were lower in roc3 mutant than in WT plants in response to ABA treatment or drought stress (Figure 7).


[image: Figure 7]
FIGURE 7. Transcriptional profiling of the indicated genes associated with the stress response in roc3 mutant exposed to either ABA treatment or drought stress. Relative transcript abundances assessed using qRT-PCR in plants subjected to (A) 6 h exposure to ABA, (B) 6 h exposure to drought stress. Means shown in the form mean ± SE (n = 3), *, **: means differed significantly from control treatment (P < 0.05, 0.01).





DISCUSSION

Drought exerts significant negative effects on crop productivity (Boyer, 1982; Venuprasad et al., 2007). Attempts to increase the resilience of crop varieties to this stress via conventional breeding has achieved only a modest level of success, while the potential of transgenic technology to address this issue has also been demonstrated (Manavalan et al., 2009; Hu and Xiong, 2014). The key to the success of a transgenic-based improvement strategy for a specific stress like drought is very much dependent on the specific choice of transgene(s). Therefore, the identification of genes contributing to a plant's defense against drought remains a major research priority and it is very much necessary to understand how the candidate genes affect the plant's response to the stress. Most of the water lost by plants passes through the stomata, so control on stomatal movement will have a major impact on the plant's hydration status (Schroeder et al., 2001; Martin-StPaul et al., 2017; Agurla et al., 2018). It has been established that ABA-triggered activation of guard cell anion channels results in the efflux of anions, which in turn reduces the turgor of guard cells to close the stomata (Cutler et al., 2010; Hubbard et al., 2010; Lee and Luan, 2012) and other proteins also have been implicated in this process.

The outcome of our experiments support the notion that the CYP member ROC3 of A. thaliana acts as a positive regulator of ABA-induced stomatal closure. ROC3 was found to be induced by both ABA treatment and the drought stress (Figures 1A,B). pROC3::GUS activity was detected in seedling, leaf, flower, silique, and was mildly induced in guard cells upon ABA treatment (Figures 1C–I), implying that ROC3 may play a role in guard cell ABA signaling. The stomata of roc3 mutant plants were more open than those of WT plants in ABA treatment (Figure 2C), and the mutants were also less tolerant of drought (Figures 2D–F). Supportively, ROC3 complementation lines, C1 and C2, restored the WT phenotype (Figure 3), suggesting that ROC3 plays a positive regulatory role in ABA-induced stomatal closure and the drought stress response. Plasma membrane localized anion channels are activated by the accumulation of ABA in guard cells, leading to the depolarization of plasma membrane and anion outflow which causes the reduction of guard cell turgor, that ultimately leads to stomatal closure (MacRobbie, 1998; Hedrich, 2012; Roelfsema et al., 2012; Hedrich and Geiger, 2017). A patch clamp experiment demonstrated that in protoplasts exposed to ABA, S-type anion channel activity was lower in roc3 mutants compared to WT or the ROC3 complementation line plants (Figure 4), indicating that the absence of functional ROC3 causes reduced outflow of anions from the guard cells in response to ABA, hence stomatal aperture remains larger. It remains to be explored how ROC3 influences anion channel activity in response to drought stress or ABA treatment. Further research will be conducted to analyze whether ROC3 can regulate the expression of the known genes encoding anion channels (e.g., SLAC1) or these channels activity regulation (e.g., CPK3).

It is well-known that ABA signaling in guard cells requires the participation of multiple signaling elements. Among them, ROS (notably H2O2) work as crucial secondary messengers in regulating ABA-induced stomatal closure (Hua et al., 2012; Gayatri et al., 2013; Song et al., 2014; Dietz et al., 2016; Li et al., 2017). A rise in leaf ABA content, due to endogenous processes or an exogenous ABA treatment, stimulates the production of ROS (Bright et al., 2006; Kreslavski et al., 2012). The concentration of ROS in the leaves of roc3 mutant plants exposed to ABA was less than in WT leaves (Figures 5A–C; Supplementary Figure 2), consistent with the proposed positive regulatory roles of ROC3 in both stomatal closure and the drought stress response. Interestingly, the stomatal aperture of roc3 was similar to Col-0's when simultaneously exposed to ABA and H2O2, and the hyposensitive phenotype of the roc3 mutants with respect to ABA-induced stomatal closure was abolished when supplemented with exogenous H2O2 (Figure 6A). It is possible that ROS act as downstream components during ROC3-modulated stomatal closure. Previously it has been shown that the ABA-induced production of ROS is primarily catalyzed by plasma membrane localized NADPH oxidases, while ROS neutralization is carried out by various enzymatic (notably catalase) and non-enzymatic antioxidants (Willekens et al., 1995; Zhang et al., 2001; Dietz, 2003; Kwak et al., 2003; Mittler et al., 2004; Mhamdi et al., 2010). In response to ABA, roc3 mutants showed the upregulation of both CAT1 and CAT2 compared to WT plants (Figures 5D,E), although the roc3 plants did not show any differences in the gene expression profile of either RbohD or RbohF (Supplementary Figure 3). Furthermore, higher catalase activity was observed in roc3 mutants than in WT in response to ABA (Figure 5F). These findings suggested that reduced accumulation of ROS in roc3 mutants was due to a higher level of catalase activity. This hypothesis was tested by stomatal movement experiments with a known catalase inhibitor, AT. The difference of stomatal aperture between WT and roc3 mutants in ABA treatment was abolished when AT was combined with ABA (Figure 6B). Our findings propose that by unknown mechanism ROC3 suppresses catalase activity, thereby affecting the accumulation of ROS that in turn positively regulates ABA-induced stomatal closure.

Many genes involved in the drought stress response are known to be induced by ABA treatment (Kang et al., 2002; Yamaguchi-shinozaki and Shinozaki, 2006; Kovacs et al., 2008; Liu and Stone, 2010; Ma et al., 2019; Ju et al., 2020). Comparisons of the profiles of the expression of some of these genes between roc3 and WT leaves which were either treated with ABA or subjected to drought stress indicated that their expression in response to either stress was somewhat compromised in the mutant (Figure 7), providing an additional explanation for the reduced sensitivity of roc3 to exogenous ABA or drought stress. The mechanistic basis of this interaction is unknown.

A working model summarizing the participation of ROC3 in ABA-induced stomatal closure and the drought stress response of A. thaliana is depicted in Figure 8. Drought stress promotes the accumulation of ABA in guard cells. Then, ABA induces the production of ROS and subsequently the activation of anion channels that leads to stomatal closure, thereby cutting off the major route by which water is lost from the plant. Our current findings suggest that ROC3 acts as a positive regulator in ABA-induced stomatal closure. ROC3 inhibits CAT activity, thereby maintaining a sufficient level of ROS in guard cells to ensure stomatal closure. At the same time, ROC3 also contributes to both ABA signaling and tolerance to drought stress by maintaining the expression of a number of genes that play important roles in plant's stress response. The present experimental findings have revealed a novel function for ROC3 beyond its known involvement in protein folding, the catalysis of cis-trans isomerization of proline imidic peptide bonds in oligopeptides and the response to pathogen infection. The exact mechanism remains to be elucidated how ROC3 interacts with ABA signaling machineries, how it suppresses catalase activity, and how it influences the expression of stress response genes.


[image: Figure 8]
FIGURE 8. A proposed working model for the role of ROC3 in the regulation of stomatal movement and the drought stress response of A. thaliana.
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Supplementary Figure 1. PCR screening of homozygous T-DNA mutants of ROC3. 1: roc3-1-LP+LBb1.3; 2: roc3-1-RP+LBb1.3; 3: roc3-1-LP+ roc3-1-RP; 4: roc3-2-LP+LBb1.3; 5: roc3-2-RP+LBb1.3; 6: roc3-2-LP+ roc3-2-RP; M: Marker.

Supplementary Figure 2. Fluorescence micrographs revealing the ROS content of guard cells sampled from WT or roc3 mutant plants either exposed or not exposed to ABA; the fluorescent signal is generated from CM-H2DCFDA and captured by a conventional fluorescence microscope. There are 60 guard cells were sampled from each genotype. Error bars represent the SE (n = 60), **: means differed significantly from Col-0 (P <0.01).

Supplementary Figure 3. Transcriptional profiling of two genes encoding NADPH/respiratory burst oxidase proteins. Relative transcript abundances of (A) RBOHD, (B) RBOHF, assessed using qRT-PCR, in WT or roc3 mutants either exposed or not exposed to ABA. Values shown in the form mean ± SE (n = 3).
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Rice Stomatal Mega-Papillae Restrict Water Loss and Pathogen Entry
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Rice (Oryza sativa) is a water-intensive crop, and like other plants uses stomata to balance CO2 uptake with water-loss. To identify agronomic traits related to rice stomatal complexes, an anatomical screen of 64 Thai and 100 global rice cultivars was undertaken. Epidermal outgrowths called papillae were identified on the stomatal subsidiary cells of all cultivars. These were also detected on eight other species of the Oryza genus but not on the stomata of any other plant species we surveyed. Our rice screen identified two cultivars that had “mega-papillae” that were so large or abundant that their stomatal pores were partially occluded; Kalubala Vee had extra-large papillae, and Dharia had approximately twice the normal number of papillae. These were most accentuated on the flag leaves, but mega-papillae were also detectable on earlier forming leaves. Energy dispersive X-Ray spectrometry revealed that silicon is the major component of stomatal papillae. We studied the potential function(s) of mega-papillae by assessing gas exchange and pathogen infection rates. Under saturating light conditions, mega-papillae bearing cultivars had reduced stomatal conductance and their stomata were slower to close and re-open, but photosynthetic assimilation was not significantly affected. Assessment of an F3 hybrid population treated with Xanthomonas oryzae pv. oryzicola indicated that subsidiary cell mega-papillae may aid in preventing bacterial leaf streak infection. Our results highlight stomatal mega-papillae as a novel rice trait that influences gas exchange, stomatal dynamics, and defense against stomatal pathogens which we propose could benefit the performance of future rice crops.
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INTRODUCTION

Rice is an integral food staple that influences economic and social prosperity (Redfern et al., 2012; Pachauri et al., 2014). It is produced in dry, tropical and temperate climates, on average requiring around 2,500 liters of water to produce 1 kg of grain (Bouman, 2009). With increased temperatures and incidences of severe drought forecast, climate-proofing of rice for future environments will be critical; and as water availability for agriculture is predicted to decrease, there is a focus toward generating rice that is more water-use efficient (Jagadish et al., 2015; Wu et al., 2017; Zhou et al., 2017; Caine et al., 2019; Yang et al., 2019). At the same time, rice breeders need to consider how pathogens such as Xanthomonas oryzae pv. oryzae (Xoo), which causes bacterial blight, and Xanthomonas oryzae pv. oryzicola (Xoc), which causes bacterial leaf streak (BLS), will impact on future yields (Niño-Liu et al., 2006). For Xoc, which enters through the same microscopic stomatal pores that govern water-use, yield losses can already exceed 30% (Liu et al., 2014). Despite the potential losses caused by Xoc, no studies have investigated how altering stomata on rice leaves might affect Xoc infection rate.

For most plants, stomata consist of a pair of guard cells surrounding a central pore (Zeiger et al., 1987). Stomatal opening permits atmospheric CO2 uptake for photosynthetic assimilation, and facilitates the diffusion of water vapor in the opposite direction. This loss of water drives a transpiration stream, permitting evaporative cooling and internal movement of solutes from roots to shoots (Hetherington and Woodward, 2003; Hepworth et al., 2015; Caine et al., 2019). Stomatal closure prevents water loss and mitigates against pathogens which enter through the pore - key traits in conserving water and protecting against disease, but it also prevents CO2 uptake (Flexas and Medrano, 2002; Martin-StPaul et al., 2017; Ye et al., 2020). Over longer durations, plants can modulate gaseous exchanges and defense against pathogens via changes to stomatal development (Lake et al., 2001; Casson and Gray, 2008; Beerling and Franks, 2009; Dutton et al., 2019). This leads to alterations in the number and or size of stomata that form on developing leaves. By adjusting stomatal opening and stomatal development, uptake of CO2 can be tightly balanced with water loss and defense against pathogens. These adjustments to stomatal number, size, and pore aperture help plants to thrive in otherwise adverse environments.

There is considerable morphological variation in stomata between different types of plants, with dicots typically forming pairs of kidney-shaped guard cells and monocot grasses having dumbbell-shaped guard cells (Stebbins and Shah, 1960; Hepworth et al., 2018; Nunes et al., 2020). The stomatal complexes of all grass (and some dicot) species, have subsidiary cells adjacent to their guard cells (Stebbins and Shah, 1960; Rudall et al., 2017). Subsidiary cells are suggested to improve the efficiency of turgor changes in guard cells, thereby enabling quicker opening and closing (Hetherington and Woodward, 2003; Cai et al., 2017; Bertolino et al., 2019). Due to the apparent importance of stomatal complex morphology to grass performance, the volume of associated research is growing rapidly (Liu et al., 2009; Taylor et al., 2012; Chen et al., 2017; Raissig et al., 2017; McKown and Bergmann, 2018; Chatterjee et al., 2020).

Genetic modification (GM) and gene editing have been employed to alter stomatal properties and have demonstrated improved drought tolerance and/or enhanced water-use efficiency in crops and model species (Huang et al., 2009; Yoo et al., 2010; Liu et al., 2012; Hepworth et al., 2015; Hu et al., 2017; Hughes et al., 2017; Li et al., 2017; Caine et al., 2019). This breadth of research demonstrates that there is scope to manipulate stomata to improve plant water-use. However, for many rice producing countries, the growth of crops that have undergone GM or gene editing is currently prohibited (Whitty et al., 2013). Consequently, other naturally derived or non-GM techniques are required to produce plants with stomatal-based changes that improve drought tolerance and or water-use efficiency.

Papillae are dense microscopic outgrowths formed on the epidermis of many plant species including rice (Prasad et al., 2011; Chowdhury et al., 2014; Gorb et al., 2017; Kang et al., 2017; Young et al., 2017). They are found on both earlier and later diverging plant lineages and fulfil a diverse array of functions (Banks and Davis, 1969; Haworth and McElwain, 2008; Duarte-Silva et al., 2013; Chowdhury et al., 2014). In barley (Hordeum vulgare) and Arabidopsis thaliana, papillae form in response to powdery mildew hyphae, thereby helping to prevent pathogen infection (Thordal-Christensen et al., 1997; Hückelhoven et al., 1999; Maekawa et al., 2014). On lotus leaves, they prevent films of water by reducing the contactable surface area for water droplets, which in turn improves the overall waterproofing of the leaf (Ensikat et al., 2011). In other species, including members of the Proteaceae, papillae aid in photoprotection by reducing the amount of light that passes to the underlying mesophyll (Jordan et al., 2005). Further functions include the production of mucilage and slime in certain lower land plants (Proust et al., 2016), and potentially in regulating gas exchange around stomata (Maricle et al., 2009; Sack and Buckley, 2016).

Reports of papillae developing in close proximity to stomata come from both extant and extinct plant species (Pant and Mehra, 1964; Palmer et al., 1981; Fischer et al., 2010; Prasad et al., 2011). They have been detected on epidermal pavement cells adjacent to stomata and in some instances on subsidiary cells. For grasses, subsidiary cell papillae (SCP) do not appear to be ubiquitous across all members of the Poaceae, instead evidence suggests they are limited to a relatively small number of species, including certain members of the Olyreae (includes bamboo) and Oryzeae tribes (Palmer et al., 1981, 1983; Lima et al., 2020). It has been suggested that papillae forming near stomata may restrict gas flow thereby improving water-use efficiency (Maricle et al., 2009; Lima et al., 2020). However, because papillae have also been detected in species such as rice (Luo et al., 2012; Chatterjee et al., 2020), where water availability is often plentiful, additional roles for papillae are probable. These include preventing water build-up, entry of certain fungal and bacterial pathogens, or protecting against stomatal pore occlusion, such as when volcanic dust particles are prevalent in the atmosphere (Haworth and McElwain, 2008; McElwain and Steinthorsdottir, 2017; Lima et al., 2020). Many molecular components have been detected in papillae including silicon (Si) callose, cellulose, lignins, araboxylans, reactive oxygen species, phenolics, peroxidases, thionins, and aromatic compounds (Thordal-Christensen et al., 1997; Cai et al., 2008; Voigt, 2014; Guerriero et al., 2018).

In this study, we focus on the form and function of abnormally large or abundant papillae, which are located on the subsidiary cells of stomatal complexes of particular rice cultivars, which we term “mega-papillae.” We assess gas exchange, stomatal dynamics and pathogen responses with a view to understanding if mega-papillae could help improve the performance of future rice crops.



MATERIALS AND METHODS


Plant Material and Growth Conditions

The 164 international rice germplasm screened in this study were obtained from either the International Rice Research Institute, Los Banos, Philippines (100 varieties) or the Thai seedbank, Kamphaeng Saen, Thailand (64 varieties) and are listed in Supplementary Table 1.

Seedlings were germinated in Petri dishes filled with water and incubated at room temperature (26–27°C) for 4–5 days with 12 h of daylight. Plants were then transferred to trays filled with clay soil (collected from the field) and were subsequently planted into rice paddies at the Kamphaeng Saen Campus, Nakhon Pathom, Thailand. Screening for stomatal properties of flag leaves was conducted on plants grown under field conditions during February to June 2016. The Dharia (Bangladesh) and Kalubala Vee (Sri Lanka) varieties were selected for further study due to their mega-papillae phenotype. The high yielding IR64 rice variety (IRRI, Philippines) was used as a control due to it having an average size and number of SCP. For observations of papillae on different leaves, seedlings were germinated in Petri dishes filled with ∼20 ml of water and cultivated for 7–8 days in a Sanyo growth cabinet set to 12 h 26°C: 12 h 24°C light: dark, with 200 μmol m–2 s1 photosynthetically active radiation (PAR). Seedlings were then transferred to 13 cm diameter pots (0.88 L) using the soil mixture described by Caine et al. (2019) and propagated in growth cabinets (Conviron Controlled Environments Ltd, Winnipeg, MB, Canada) at 12 h 30°C: 12 h 24°C light: dark cycle, PAR 1,000 μmol m–2s–1 and 60% relative humidity. Pots were constantly standing in water, and soil was also supplied with water from above once a week. Plants used for gas exchange and pathogen experiments were grown in 4 liter pots in a greenhouse at Khampaeng Saen Campus with approximately 12 h daily sunlight at ∼348 μmol m–2 s1 PAR and an average 34°C temperature and 74% humidity, and kept well-watered throughout. Gas exchange experiments were performed on plants which were 75–85 days old, and pathogen experiments were performed on flag leaves of 75 day old plants.



Sample Collection and Imaging

To observe SCP phenotypes in DH, KV and IR across different leaves, epidermal impressions were taken from leaf 5 (20 to 25 days after germination), maximum tillering (45–50 days after germination) and flag leaf stages (75–80 days after germination) from plants grown in growth chambers. Stomatal impressions from mature leaves of Carica papaya, Cocos nucifera, Echinochloa crus-galli, Musa acuminate, Oryza officinalis, Oryza rufipogon, Oryza nivara, Oryza puntata, Oryza latifolia, Oryza australiansis, Oryza brachyantha, Oryza ridleyi, and Zea Mays were collected from plants growing around the Kamphaeng Saen campus between December 2018 to February 2019. For Arabidopsis thaliana, Brachypodium distachyon, Hordeum vulgare, Physcomitrium patens, Osmunda regalis, and Selaginella kraussiana stomatal images were collected from mature leaves or sporophytes grown under controlled conditions.

For quantification purposes, 8 biological replicates per genotype per rice leaf stage were collected. Impressions were taken using dental resin (Coltene Whaledent, Switzerland) on the abaxial surface of leaves, 3/4 of the up way from where the leaf emerged from the sheaf. Nail varnish was applied to the set resin to make imprints for microscopy analysis. Imaging of SCP number and size was conducted using a light compound microscope (Leica, DM750-ICC50 HD), with quantification performed using ImageJ (Schindelin et al., 2012). SCP number was counted from five randomly selected stomata per field of view (FOV) and averaged, with all individual papilla areas on each stomate measured using the Polygon plug-in tool. Measured areas were averaged to give an overall value per stomate, and then the 5 stomate values were averaged to give an average papilla area per FOV. We measured 6 FOVs per replicate per developmental stage.

Scanning electron microscopy samples were fixed in 2.5% Glutaraldehyde for 1 h and washed in 0.1 M Sodium-Potassium phosphate buffer solution for 10 min. Samples were then treated in 1% Osmium tetroxide for 1 h at 4°C, followed by a dehydration series in ethanol concentrations of 30, 50, 70, 80, and 90% for 10 min each, and then rinsed three times further with 100% ethanol for 10 min. To completely dry samples, each sample was placed in critical point dryer. Samples were mounted on aluminum stubs, attached with carbon sticky tabs, and coated with approximately 20 nm of gold via an ion coater (Eiko engineering IB-2). Visualization was performed using a Hitachi SU8020 at an accelerating voltage of 10 Kv. For confocal imaging, samples were collected from fully expanded flag leaves, cut into 3–4 mm strips, then fixed and cleared in modified Carnoy’s solution (acetic acid 7:1 ethanol). Samples were then stained with propidium iodide (PI, 1:100 of a 1 mg/ml stock) for ≥ 5 min and then mounted in chloral hydrate for imaging. For cross-sections, samples were fixed in formaldehyde fixative solution for 2 h and vacuum infiltrated for 1 h. Samples were washed with PEM buffer before dehydration with an ethanol series of 20, 30, 50, 70, 80, 90, 100, and 100% for 30 min each and followed by infiltration with a series of resin in ethanol solutions with resin concentrations of 10, 20, 30, 50, 70, 80, 90, 100, 100, and 100%. The samples were then transferred to gelatin capsules to solidify. Resin capsules were sectioned using a microtome and the sections were stained with 0.25% calcofluor white and washed with 1x PBS before preparing for imaging. Imaging was performed using a Nikon A1 (Tokyo, Japan).

For elemental analysis of papillae, the samples were collected from fully expanded flag leaves and prepared as described for SEM imaging. Chemical content analysis was performed with a Tescan-Mira3 field emission-scanning electron microscope (Czech Republic), with an energy dispersive X-Ray spectrometer (EDS) installed.



Leaf Gas Exchange

Measurements of A and gs were conducted on fully expanded flag leaves using a LI-COR LI-6400XT Portable Photosynthesis System (Lincoln, NB, United States). Chamber flow rate was set to 400 μmol s–1, leaf temperature to 32°C, reference [CO2] to 400 ppm and light intensity to 2,000 μmol m–2 s–1 PAR. Relative humidity inside the chamber was kept at 65–75% using self-indicating desiccant. For light-dark-light response curves, plants were first acclimatized at saturating light (2,000 μmol m–2 s–1 PAR) for 15–20 min, measurements were then recorded at steady-state for 10 min, this was then followed by 10 min of complete darkness (0 μmol m–2s–1 PAR), and finally, saturating light was re-applied for the final 10 min. At each light intensity, 20 measurements for A and gs were taken, and intrinsic water use efficiency (iWUE) was calculated as A/gs.



Infection of Rice Hybrids With Xanthomonas oryzae pv. oryzicola

For pathogen experiments, mega-papillae bearing Dharia was first crossed with Pathum Thani 1 (PT1), a local rice variety commonly grown in Thailand that has a normal number of SCP. F1 seeds were left to self-pollinate to produce the F2 generation, which was then phenotyped and genotyped to confirm the presence or absence of the mega-papillae trait by using the Kompetitive Allele Specific PCR (KASP) marker and these plants were left to self-pollinate. F2 plants were also PCR genotyped to identify those without the xa5 resistance allele. In the F3 generation, 88 seeds from an F2 homozygous plant (Papillae phenotype without xa5) were grown in trays in the greenhouse and irrigated frequently. To prepare the cell suspension, cultures of Xanthomonas oryzae pv. oryzicola were grown in a peptone sucrose agar medium and incubated for 48–72 h at 28°C. The bacterial cell suspension was prepared, and the concentration was determined and adjusted to an OD of 0.4 at 600 nm (108 CFU/ml) using a spectrophotometer. Pathogen inoculation was conducted using a spraying method and inoculated plants were kept in the greenhouse without watering for one night, before watering normally again the following day. Disease symptom evaluations were performed 14 days after inoculation with Xoc. Disease scoring standard was adapted from the standard evaluation system of the International Rice Research Institute (IRRI, 2013) which corresponds to 5 index values:


1. Index value 1: A resistant plant that almost no symptoms with leaves that are 0–1% infected.

2. Index value 3: A plant that has good resistance with leaves showing greater than 1% but less than 5% infection.

3. Index value 5: A plant that has moderate resistance, which has leaves that are 6–25% infected.

4. Index value 7: A plant that is susceptible with leaves that are 25–50% infected.

5. Index value 9: A very susceptible plant with more than 50% of the leaf being infected.





Graphs and Statistical Analysis

All graphs were developed, and statistical analysis conducted using Sigmaplot V14 (Systat Software, Inc., San Jose, CA, United States). One-way ANOVAs were performed to determine if there were interactions between samples or treatments for a given parameter measured. Post hoc tests (Holm-Sidak) were performed for all graphs on Figures 1, 3B,C,F, 4D,E to identify significant differences between samples.
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FIGURE 1. Identification of mega-papillae on the subsidiary cells of stomatal complexes of rice cultivars Dharia (DH) and Kalubala Vee (KV). (A) Schematic diagram of flag leaf epidermis illustrating stomatal complexes (guard cells, green; subsidiary cells, light blue) with subsidiary cell papillae (SCP, purple), epidermal cell papillae (dark blue), silica cells (light gray), trichomes and epidermal pavement cells (white with black borders). (B) Images of stomatal complexes and SCP from IR64 (IR), Dharia (DH), and Kalubala Vee (KV), taken from above the epidermis via confocal microscopy (left) and taken of the transverse cross sections via fluorescence light microscopy (right) with corresponding schematics. SCP are more numerous for DH, or larger in area for KV, and thus are collectively referred to as mega-papillae. Color scheme as in (A), with underlying mesophyll cells marked in yellow and sub-stomatal cavities in pale pink. (C) Light microscopy images of stomatal complexes and SCP of IR, DH, and KV taken from flag leaves (75–80 days), leaf 5 (20–25 days) and at maximum tillering stage (45–50 days). (D–I) Number and total area of SCP per stomatal complex of flag leaves (D,E), leaf 5 (F,G) and at maximum tillering stage (H,I). For graphs (D–I), horizontal lines within boxes show the median, and boxes the upper (75%) and lower (25%) quartiles. Whiskers indicate the ranges of the minimum and maximum values and different letters indicate values with significantly different means (P < 0.05, one-way ANOVA). n = 6 plants in (D–I). Scale bar = 10 μm in (B,C).




RESULTS


Characterization of Papillae on 164 Rice Cultivars

To identify morphological traits that might aid in improving rice abiotic and biotic stress responses, we examined the abaxial flag leaf surfaces of 164 rice cultivars (Supplementary Table 1) using light microscopy to inspect leaf impressions. Epidermal pavement cells and stomatal complexes were evident, as were silica cells, trichomes and large numbers of small papillae (Figure 1A). For all rice varieties, we found that papillae were not only located on epidermal pavement cells but also on the subsidiary cells of stomatal complexes. There were usually four subsidiary cell papillae (SCP) present on each stomatal complex, with two on each subsidiary cell (see schematic example in Figure 1A). However, for two cultivars, Dharia (DH, Oryza sativa L. ssp. Indica) and Kalubala Vee (KV, Oryza sativa L. ssp. Indica), we detected striking SCP phenotypes. Compared to the 162 other cultivars examined, including IR64 (IR, a high-yielding representative example), DH had a greater number of SCP (usually 8 SCP per stomatal complex), and KV had much larger SCP (Figure 1B). The extended shape and/or spatial positioning of SCP on DH and KV, resulted in papillae extending markedly across the guard cells and into the stomatal pore region (Figure 1C). Due to the observed SCP differences, we broadly term the papillae found on DH and KV subsidiary cells as “mega-papillae.”



Mega-Papillae Are Present on Leaves at Seedling, Maximum Tillering and Flag Leaf Stages

To assess whether mega-papillae occur on the subsidiary cells of expanded leaves prior to the flag leaf stage, we quantified the SCP number and size in DH and KV, and also in IR (for comparison with a cultivar possessing the normal size and number of SCP) across three different growth stages. These were the seedling (leaf 5, 20–25 days old), maximum tillering (45–50 days old), and flag leaf (75–80 days old) stages. To first confirm our initial screening observations, flag leaf SCP were quantitatively assessed (Figures 1D,E). We found that DH had approximately 82% more SCP than IR and 31% more SCP than KV (DH vs. IR, P < 0.001; DH vs. KV, P < 0.01; Figure 1D), and that KV had approximately 40% larger papillar area compared to IR and DH (IR, P < 0.05; DH, P < 0.05; Figure 1E). At the leaf 5 stage, we also identified mega-papillae, with DH having significantly higher numbers of SCP than IR and KV (IR, P < 0.05; KV P < 0.05; Figure 1F) and KV having significantly larger SCP compared to IR and DH (IR, P < 0.05; DH, P < 0.05; Figure 1G). The same trends were also observed on leaves formed during the maximum tillering stage (Figures 1H,I), although a significant difference was not detected for SCP number between DH and KV (Figure 1H). Overall, the results consistently show that DH plants had the most numerous SCP, whereas KV had the largest SCP area. The number of SCP in DH (compare Figures 1D,F,H), and the size of SCP in KV (compare Figures 1E,G,I) both showed trends toward increasing further on later forming leaves. For the SCP of IR, this was not the case, and the number and size of IR SCP remained similar on all leaves examined.



Characterizing the Chemical Components of Rice Papillae

To determine the composition of rice papillae, we assessed the flag leaves of DH (high SCP number) using a scanning electron microscope (SEM) equipped with an energy dispersive X-Ray spectrometer (EDS) (Figure 2). The EDS assessment was conducted using two approaches; (1) spot measurements - which focused solely on stomatal complex papillae (Figures 2A,B); and (2) line scans - which focused more broadly, assessing stomatal papillae and the surrounding stomatal complex and epidermal pavement cells (Figures 2C,D). EDS spot measurements revealed that the DH mega-papillae consisted of four major elements: carbon, oxygen, sodium and silicon (Si). After carbon, Si was the next most abundant element, suggesting that Si is a major component of SCP (Figures 2A,B). EDS line scans provided similar results, with non-stomatal epidermal papillae exhibiting similar elemental signatures to the mega-papillae found on DH stomatal subsidiary cells, with Si again being an abundant element (Figures 2C,D). Several studies implicate Si as being important in pathogen defense (Song et al., 2016; Wang et al., 2017; Mücke et al., 2019), and this could be related to the abundance of silicon in mega-papillae.
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FIGURE 2. Elemental analysis of subsidiary cell papillae (SCP) and the surrounding epidermal surface on leaves of the Dharia cultivar. (A) Scanning electron micrograph (SEM) of a stomatal complex, with a spot measurement of the SCP composition calculated using an energy dispersive X-Ray spectrometer (EDS). (B) Element spectrum of an SCP EDS-spot measurement showing all content measured. (C) SEM of a stomatal complex illustrating the EDS track path across the epidermal surface (yellow line). (D) SEM-EDS spectra of the total of 360 measurement points. Four components were detectable; silicon, oxygen, carbon and a low level of sodium. The peaks represent the concentration of each element at a given point on the line. Scale bars: 5 μm (A) and 10 μm (C).
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FIGURE 3. Steady-state gas exchange analysis of mega-papillae cultivars. (A) Number and (B) total area of subsidiary cell papillae (SCP) per stomatal complex for rice cultivars IR64 (IR), Dharia (DH) and Kalubala Vee (KV). (C) Corresponding stomatal complex area and (D) stomatal density. (E–G) Infra-red gas exchange measurements of (E) photosynthetic carbon assimilation rate (A), stomatal conductance and the calculated intrinsic water use efficiency (iWUE; A/gs). Horizontal lines within boxes show the median and boxes the upper (75%) and lower (25%) quartiles. Whiskers indicate the ranges of the minimum and maximum values and different letters indicate values with a significantly different mean within graph (P < 0.05, one-way ANOVA). n = 8 plants. Papillae area generated by measuring the outline of each SCP from above view the stomatal complex.
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FIGURE 4. Stomatal responses to dynamic light-dark-light treatments. Flag leaves of (A) IR64 (IR), (B) Dharia (DH) and (C) Kalubala Vee (KV) cultivars treated with 10 min of high light (2,000 μmol.m− 2s− 1 PAR), followed by 10 min darkness (0 μmol.m− 2s− 1 PAR), and subsequently another 10 min of high light. The y-axes of graphs show stomatal conductance on the left and photosynthetic carbon assimilation (A) on the right. Analysis of gs rate change per minute during (D) initial stomatal closure, (E) late stomatal closure, initial stomatal opening and late stomatal opening. For graphs (A–C) error bars = one SD. For (D–G), horizontal lines within boxes show the median, with boxes illustrating the upper (75%) and lower (25%) quartiles. Whiskers indicate the ranges of the minimum and maximum values, and different letters indicate values with a significantly different mean within each graph (P < 0.05, one-way ANOVA). n = 8 plants for DH and KV, and n = 7 plants for IR.




Steady-State Gas Exchange of Mega-Papillae Rice Varieties

To assess whether the gas exchange properties of DH or KV were different to IR, we took infrared gas analyzer (IRGA) measurements from greenhouse-grown plants (Figure 3). SCP number and size were comparable between these greenhouse-grown plants and the growth chamber-grown plants assessed above (compare Figures 1D,E to Figures 3A,B). We also assessed the stomatal complex size and stomatal density of IR, DH, and KV (Figures 3C,D) and found no differences between the 3 cultivars. Under saturating light (2,000 μmol.m–2s–1 PAR), photosynthetic carbon assimilation (A), stomatal conductance and corresponding intrinsic water-use efficiency (iWUE) were measured (Figures 3E,G). Both mega-papillae bearing cultivars, DH and KV, had significantly reduced gs compared to IR (P < 0.05). There were no significant differences in A between cultivars (although there appeared to be a trend toward a reduction in A in DH and KV), and despite the approx. 20% reduction in gs, no significant differences in iWUE were detected (Figures 3E,G). The lack of difference in iWUE between cultivars could be explained by a reduced gs influencing the performance of A, but we cannot also rule out other factors such as slight differences in photochemical properties between cultivars.



Mega-Papillae Cultivars Have Stomata That Are Slower to Close and Re-open

Having ascertained that mega-papillae bearing cultivars have reduced steady-state gs under saturating light, we next investigated the dynamic stomatal performance of DH, KV and IR (Figure 4). To do this, we assessed the light responsiveness of stomata using a light-dark-light illumination treatment. Plants were equilibrated to high light (2,000 μmol.m–2s–1 PAR) for 15–20 min and then measured at steady-state for 10 min, the light was then turned off for 10 min, and finally light was re-introduced (2,000 μmol.m–2s–1 PAR) for a further 10 min (Figures 4A–C). As expected, the 10 min dark treatment caused a rapid drop in A for all three rice cultivars, whereas the gs responses were slower. When light was re-applied, A was again quicker to respond than gs in all three cultivars (Figures 4A–C). To explore the efficiency of stomatal opening and closing responses, we calculated gs rate changes over four 5-min periods (two dark segments and two light segments) (Figures 4D–G). Our data highlighted clear differences in the rate of stomatal responses between IR and the two mega-papillae cultivars during both darkness-induced stomatal closure and during light-induced stomata re-opening. During two of the four time periods, the initial stomatal closure (Figure 4D) and the later stomatal opening (Figure 4G), DH and KV had significantly lower rates of change in gs compared with IR (P < 0.05). gs decreased over 70% faster in IR than in DH or KV during the first 5 min of darkness, and gs increased over 60% faster in the 5–10 min following the re-exposure to light in IR compared with DH or KV (Figures 4D,G). As there were no significant differences in stomatal size or density between cultivars (Figures 3C,D), this suggests that the presence of mega-papillae could be associated with the reduced stomatal dynamics observed in DH and KV.

To further assess the dynamic stomatal changes in gs in Figure 4, we also utilized analytical models that predict gs response to a single step change in PPFD (McAusland et al., 2016; Vialet-Chabrand et al., 2017). However, because DH and KV had slower closure responses and may not have reached steady-state after 10 min dark-induced stomatal closure, we could not confidently extract time constant values (time to reach 63% of the variation in gs) preventing exact modeled comparisons to be made. Nonetheless, this modeling analysis, shown in Supplementary Figure 1, did add further support to the notion that DH and KV mega-papillae prevent stomata from closing efficiently over shorter time periods (compare Figures 4A,D with Figures 4B,C,E,F), and suggest that further experiments where light fluctuations are altered over a longer duration could be informative in assessing the impact of mega-papillae on stomatal dynamics, gs and iWUE. Having ascertained that mega-papillae most probably serve as silicon-rich obstacles affecting stomatal dynamics, we next turned our attention to whether mega-papillae can aid in preventing pathogen attack.



Mega-Papillae Hybrid Plants Have Reduced Bacterial Leaf Streak Symptoms

Stomata serve as entry portals for a number of diseases including Xoc, which causes rice BLS (Niño-Liu et al., 2006). To examine whether mega-papillae might mitigate Xoc infection, we generated an F3 population from crosses between the Thai cultivar Pathum Thani1 (PT1), which has the normal number of four SCP per stomatal complex, and the mega-papillae DH cultivar, which unusually has eight SCP per stomatal complex (Figure 5). We also tried crossing DH and KV with IR, but after multiple attempts, we were unsuccessful. To avoid the bias of xa5 and other QTLs associated with BLS resistance in rice (Sattayachiti et al., 2020), which are present in DH (Iyer and McCouch, 2004) but not in PT1, we used F3 individuals segregating for the mega-papillae trait that were derived from F2 individuals where the xa5 and other QTLs were absent (Supplementary Figure 2). From a pool of 88 F3 individuals, we selected 26 plants with “normal” SCP and 26 plants with mega-papillae to test for pathogen resistance (Figures 5A,B). We sprayed Xoc bacterial suspensions directly on to the mature flag leaves of the identified F3 plants during the reproductive stage (75 days old). BLS symptoms were scored using a standard disease scoring scale, and it was evident that F3 plants with mega-papillae were approximately 77% less susceptible to Xoc than F3 plants with the normal number of four papillae (Figures 5C,D). The results for hybrid plants were similar to those of the parental cultivars where DH had approximately 74% less severe disease symptoms than PT1 at 2 weeks after infection (Figures 5C,D).
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FIGURE 5. Bacterial leaf streak symptoms of F3 hybrid plants generated from four papillae (4P) cultivar Pathum Thani 1 (PT1) and the mega-papillae (MP) cultivar Dharia (DH). (A) Number of subsidiary cell papillae (SCP) per stomatal complex of PT1, DH, and F3 (4P) and F3 hybrid plants. (B) Representative images illustrating phenotypes quantified in (A). (C) Quantification of bacterial leaf streak symptom scores of plants inoculated 2 weeks prior with Xanthomonas Oryzaepv. oryzicola (Xoc). (D) Representative image of leaves assessed to compile the data represented in (C). Scale bars: 50 μm (B), 1 cm (D).




SCP Prevalence in the Orzyeae Tribe and Beyond

To assess whether papillae form on the stomatal complexes of other plant types, we next surveyed a range of land plant species across evolutionary clades (Figure 6). Analysis of earlier diverging land plants (bryophtyes and non-flowering vascular plants) and later diverging plants (extant dicots) provided no evidence of papillae on the stomata of any of the species surveyed (Figure 6). We next focused specifically on monocots, first concentrating on some non-grass species (Cocos nucifera, coconut and Musa acuminata, banana). Despite the presence of subsidiary cells, we did not detect any papillae on or around the stomata of these monocots. Assessment of the true grass species Echinochloa crus-Galli (Cockspur grass), Brachypodium distachyon (Brachypodium) and Zea mays (maize) led to the detection of papillae on the epidermis, but no SCP were present on stomatal complexes (Figure 6). We then looked at other Oryza species members to see whether the SCP trait was common in rice species other than O. sativa. SCP were present in all the rice species surveyed, including O. rufipogon, O. officinalis, O. nivara, O. punctata, O. latifolia, O. australiansis, O. brachyantha, and O. ridleyi. Most of these rice species had a similar number and size of SCP to that found in IR. However, two additional SCP traits were identified; in O. ridleyi, the SCP appeared to be smaller in size and in O. brachyantha, ectopic papillae formed which were not on subsidiary cells. For O. brachyantha, papillae arched over the stomatal complex from neighboring epidermal cells. Our results indicate that papillae may well be present, on or adjacent to stomatal complexes, across all rice species but are absent or rare on the stomata of other plant groups.
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FIGURE 6. Morphological diversity of stomata and presence or absence of papillae across selected land plant taxa, focusing particularly on Oryza species representatives. Stomatal images taken from dental resin impressions or fresh samples using bright-field microscopy. Rice species (Oryza) all have subsidiary cell papillae (SCP) on stomatal complexes, whereas other species surveyed do not. Note: papillae are also found on subsidiary cells in bamboo (Palmer et al., 1981; Lima et al., 2020). The associated phylogenetic tree was produced using http://www.timetree.org/ (Kumar et al., 2017). Scale bar = 10 μm.




DISCUSSION

Plant stomata regulate gaseous exchange with the environment, and in some cases prevent pathogens from entering the leaf interior. In the short term, these processes can be regulated via alterations to stomatal pore aperture, and over longer durations, via changes to stomatal size and/or density (Zeiger et al., 1987; Lake and Woodward, 2008; Martin-StPaul et al., 2017; Dutton et al., 2019; Ye et al., 2020). A number of other specialized epidermal adaptions have also evolved that influence airflow and/or pathogen entry in and around stomata, and these include papillae outgrowths (Barthlott et al., 1998; Hückelhoven et al., 1999; Wakte et al., 2007; Mohammadian et al., 2009; Ensikat et al., 2011; Müller et al., 2017). To find beneficial stomatal or other epidermal traits that might lead to improved rice performance, we screened the flag leaves of 164 different rice varieties. We detected two mega-papillae bearing rice varieties; DH from Bangladesh that has more numerous SCP; and KV from Sri Lanka that has larger S. There have been no previous studies looking at how SCP might affect rice gas exchange, but for DH, work has been conducted highlighting the presence of the xa5 gene which aids in preventing bacterial leaf blight (Iyer and McCouch, 2004). Given that mega-papillae cover significant portions of the stomatal pore area in both DH and KV, we decided to characterize SCP further, and to study phenotypic responses associated with stomatal function.

DH and KV mega-papillae are present on both earlier and later developing leaves (Figure 1), implying that mega-papillae could be beneficial throughout the majority of both cultivars’ life cycles. Whilst we did not specifically study early mega-papillae development to detect when the corresponding SCP first formed, others have shown that rice SCP formation begins very early in stomatal development around the time that guard mother cells have just divided near the leaf base (Yoo et al., 2011; Luo et al., 2012). SCP development occurs slightly after neighboring epidermal pavement cell papillae. For both types of papillae (pavement cell and SCP), development is concluded well before leaves protrude from encircling sheaves (Luo et al., 2012). These findings suggest that it might be beneficial for rice leaves to have developed papillae prior to beginning to interact with the surrounding environment.

Prior research sheds some light on the molecular underpinnings governing rice SCP development (Yoo et al., 2011; Xia et al., 2015; Zhou et al., 2016). Using a map based cloning approach, Yoo et al. (2011), identified a ROP protein guanine exchange factor OsROPGEF10 as integral for the correct development of both pavement cell papillae and SCP formation. Mutant bright green leaf (bgl) rice plants have smooth epidermises with both pavement cells and stomatal complexes devoid of Papillae. This leads to increased leaf reflectance (Yoo et al., 2011), but how this impacts on plant physiology, particularly gas exchange and pathogen resistance, is not known. Whether OsROPGEF10 expression is altered in DH and KV to orchestrate mega-papillae formation is unknown, but when OsROPGEF10 was over-expressed to rescue the bgl mutant, papillae did not seem to be increasingly profuse or larger, and so this seems unlikely. Xia et al. (2015) identified OsWS1, a member of the membrane-bound O-acyl transferase gene family, involved in wax biosynthesis, to also be involved in papillae formation. Over-expression of OsWS1 leads to increased amounts of wax throughout the epidermis, including on SCP, whereas a reduction in OsWS1 levels resulted in fewer pavement cells papillae and SCP forming. When water-loss and drought studies were undertaken, OsWS1 over-expressers performed better than controls, whereas plants with depleted OsWS1 performed worse (i.e., required more water). The LESS PRONOUNCED LOBE EPIDERMAL CELL 2 (LPL2) and LPL3 genes encode PIR/SRA1-like and NAP1-like proteins, respectively, and both contribute to SCP formation (Zhou et al., 2016). These homologous components of the functionally conserved SCAR/WAVE complex play important roles in actin organization throughout the epidermis. In mutant lpl2 and lpl3 plants, the development of small epidermal papillae and SCP are perturbed. In both mutants, fewer, larger papillae form which lack definition. The activities of each of these genes remains unknown in DH and KV and warrants further investigation to determine whether they might contribute to the observed mega-papillae phenotypes.

Our SEM-EDS observations showed that DH mega-papillae have high Si content (Figure 2), and together with the observations of others, this suggests that all papillae on rice leaves, including SCP, are to a large degree comprised of Si (Cai et al., 2008; Yoo et al., 2011). At the plant level, Si is distributed in multiple organs including within roots and leaves, and it is found in a range of epidermal cells including pavement and subsidiary cells (Kumar et al., 2017). Uptake of Si occurs in the roots of rice via specialized Si transporters, LowSilicon1 (OsLsi1) and OsLsi2 (Ma et al., 2006, 2007). Following this, Si is translocated to the aboveground tissue, with OsLsi6 involved in xylem unloading and deposition of Si in the leaf sheaths and leaf blades (Yamaji et al., 2008). Our Si SEM-EDS results correspond with previous studies in bamboo and cucumber where high Si content was also observed, and in these cases, Si improved plant pathogen resistance (Kauss et al., 2003; Motomura et al., 2004). Indeed, Si is increasingly becoming associated with pathogen resistance (Ning et al., 2014; Wang et al., 2017). One recent article found that Xoo and Xoc encode TALE (transcription activator-like effector) proteins that both downregulate OsLsi1, and it is therefore intriguing to speculate that Xanthomonas bacteria specifically downregulate silicon uptake to increase the chances of successful pathogen attack (Mücke et al., 2019). Future studies looking at OsLsi1, OsLsi2, and OsLsi6 functioning in DH and KV might help to reveal how these varieties (1) produce mega-papillae and (2) ward off infection.

We found that the gas exchange rates and stomatal dynamics of mega-papillae bearing cultivars were different to IR, which has normal SCP (Figures 3, 4). Because smaller stomata have been suggested to be faster (Raven, 2014; Lawson and Vialet-Chabrand, 2019), and because more stomata can achieve a higher gsmax (Bertolino et al., 2019; Caine et al., 2019), we compared the stomatal size and density of mega-papillae bearing cultivars with IR, but found no differences for either stomatal trait (Figures 3C,D). Steady-state gas exchange revealed that DH and KV have significantly reduced gs in comparison to IR, but despite displaying a trend toward being reduced, A was not significantly different between cultivars and nor was iWUE (Figures 3E,G). To test whether mega-papillae hindered dynamic stomatal movements, we next assayed DH, KV and IR using a light-dark-light treatment with the light set at 2,000 μmol.m–2s–1 PAR (Figure 4). Our results show that DH and KV both displayed reduced gs rate changes comparatively to IR during both early stomatal closure (Figure 4D) and late stomatal opening (Figure 4G). We note, however, that stomatal or non-stomatal factors other than SCP might contribute to our observed differences in both the steady-state gas exchange and stomatal dynamic movements. Current research has highlighted the importance of “speedy” stomata in grasses which accounts for their characteristic high iWUE values (McAusland et al., 2016; Raissig et al., 2016; Lawson and Vialet-Chabrand, 2019). Our results suggest that under dynamic light environments, having mega-papillae may result in a lower iWUE during both stomatal closing and re-opening; however, these inefficiencies might well be offset by lower gs under steady-state conditions. How such plants will perform under future predicted high CO2 climates is unclear at this stage, and future experiments, particularly at higher temperature and or under water-deficit conditions are required.

The majority of research relating to papillae functionality is in the area of pathogen defense (Ride and Pearce, 1979; Thordal-Christensen et al., 1997; Murillo et al., 1999; Chowdhury et al., 2014; Maekawa et al., 2014; Ning et al., 2014; Wang et al., 2017). Therefore, we examined the role that mega-papillae might play in rice defense against Xoc, a pathogen that enters through stomata and causes BLS disease (Niño-Liu et al., 2006; Figure 5). Analysis of F3 generation progeny of crosses between DH and PT1 (which did not carry the xa5 gene as well as other QTLs) revealed that mega-papillae could contribute to increased resistance to Xoc (Figures 5C,D). Whether this result is due to an increased physical barrier around the stomatal pore, and/or because of increased Si presence due to more/larger papillae is unclear. Indeed, both of these factors may contribute toward preventing waterborne bacteria from entering underlying tissues. Such waterproofing could also permit sustained gas exchange when otherwise stomata may typically become filled with water. Further experiments looking at the gas exchange rates and stomatal dynamics of DH, PT1, and hybrid plants treated with XOC would give some indication as to whether such a response occurred in rice with mega-papillae. It would also be useful to look at gene expression in the hybrid plants after pathogen inoculation, either via application directly onto leaves or via infiltration, to reveal if other mechanisms other than papillae presence are also employed to achieve the BLS resistance observed in mega-papillae rice lines.

We observed the stomatal morphology across various taxa including dicots, monocots, non-flowering vascular plants and a bryophyte representative (Figure 6) and as expected found a high degree of size and morphological diversity, with earlier diverging land plants and dicots exhibiting kidney-shaped guard cell pairs (except Physcomitrium patens: a moss with unusual undivided single guard cells), and monocots exhibiting dumbbell-shaped guard cell pairs surrounded by subsidiary cells. In our assessment, we did not detect papillae near stomata, except on the subsidiary cells of almost all the rice species we surveyed. On the other grasses surveyed, we did detect epidermal pavement cell papillae, suggesting that this may be an ancestral trait within the Poaceae family. Bamboo representatives (closely related to rice) are also reported to have SCP on stomatal complexes (Lima et al., 2020). Given the relatedness of bamboo and rice species, this suggests that the ancestor of Oryzoideae and Bambusoideae may have had SCP on the stomatal complex. A better understanding of the molecular underpinnings of SCP development might in the future help to reveal whether rice and bamboo SCP could have been evolutionarily conserved, or whether SCP have evolved on multiple occasions.



CONCLUSION

Here we identify mega-papillae: unusually large or numerous subsidiary cell papillae that appear to limit accessibility to rice stomatal pores. We show that mega-papillae contain silicon and that mega-papillae bearing cultivars have reduced gs rate changes during stomatal closing and re-opening. The presence of mega-papillae co-segregates with an increased resistance to Xoc infection in hybrid lines suggesting a role for mega-papillae in presenting disease. Future work is required to assess the viability of using mega-papillae to improve future crop performance.
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Stomata arose about 400 million years ago when plants left their aquatic environment. The last step of stomatal development is shared by all plant groups, and it implies a symmetrical cell division from the guard mother cell (GMC) to produce two guard cells (GCs) flanking a pore. In Arabidopsis, the basic helix-loop-helix transcription factor MUTE controls this step, upregulating cell-cycle regulators of the GMC division, and immediately afterward, repressors of theses regulators like FAMA and FOUR LIPS. Recently, three grass MUTE orthologs (BdMUTE from Brachypodium distachyon, OsMUTE from rice, and ZmMUTE from maize) have been identified and characterized. Mutations in these genes disrupt GMC fate, with bdmute also blocking GC morphogenesis. However, because these genes also regulate subsidiary cell recruitment, which takes place before GMC division, their functions regulating GMC division and GC morphogenesis could be an indirect consequence of that inducing the recruitment of subsidiary cells. Comprehensive data evaluation indicates that BdMUTE, and probably grass MUTE orthologs, directly controls GMC fate. Although grass MUTE proteins, whose genes are expressed in the GMC, move between cells, they regulate GMC fate from the cells where they are transcribed. Grass MUTE genes also regulate GC morphogenesis. Specifically, OsMUTE controls GC shape by inducing OsFAMA expression. In addition, while SCs are not required for GMC fate progression, they are for GC maturation.

Keywords: FAMA, FOUR LIPS, grasses, guard cells, guard mother cell, morphogenesis, MUTE, orthologs


INTRODUCTION

Plants conquered land over 470 million years ago (Edwards et al., 1998; Berry et al., 2010). This event was contemporaneous with a series of innovations, among them, the appearance of a water-repellent cuticle interrupted by tiny stomatal pores (Edwards et al., 1998; Berry et al., 2010). Stomatal pores, flanked by two kidney-shaped guard cells (GCs), allowed gas exchange between the plant and the atmosphere to perform photosynthesis with a minimal water loss. To date, no other structure has managed to replace them, although GC morphogenesis has evolved over time, with grasses developing dumbbell-shaped GCs, instead of kidney-shaped ones (Stebbins and Shah, 1960; Rudall et al., 2017; Hepworth et al., 2018; Nunes et al., 2019).

In all plant species, stomatal development takes place through stereotyped patterns of cell divisions. The differences in these patterns among species give rise to a great diversity in the structure of the stomatal complexes. In the model plant Arabidopsis, protodermal cells commit to the stomatal lineage adopting, in a basipetal manner, the identity of meristemoid mother cell (MMC; Figure 1A; Peterson et al., 2010; Vatén and Bergmann, 2012). These MMCs undergo an asymmetric division to produce a smaller meristemoid (M) and a larger stomatal lineage ground cell (SLGC). Ms usually undergo additional self-renewing asymmetric divisions, in an inward spiral, until they become guard mother cells (GMCs). Then GMCs divide symmetrically to produce a pair of kidney-shaped GCs. SLGCs can differentiate into pavement cells, or they can assume an MMC fate producing secondary stomata. This cell division pattern differs from that taking place in grasses, where epidermal cells are organized in files, and stomatal development, which occurs only in some of them, proceeds along a spatiotemporal gradient with the earliest developmental stages occurring in the leaf base and proceeding as cells expand and differentiate toward the tip of the leaf (Stebbins and Shah, 1960). In this plant group, potential stomatal precursor cells proliferate in particular files and as these cells are pushed further up the leaf blade, some of them divide asymmetrically leading to a smaller GMC and a larger sister cell (Stebbins and Shah, 1960; Serna, 2011; Hepworth et al., 2018; Nunes et al., 2019; Figure 1B). Before GMC division, cells from files in either side of newly formed GMC acquire subsidiary mother cell (SMC) identity and divide asymmetrically. The smaller cells resulting from these cell divisions, which are always placed next to the GMC, differentiate as subsidiary cells (SCs). Following SCs recruitment, the GMC divides symmetrically, with the cell division plane being parallel to the main axis of leaf growth. This cell division, followed by a complex process of morphogenesis, yields two elongated, dumbbell-shaped GCs. The recruitment of SCs, together with the differentiation of dumbbell-shaped GCs, only takes place in this plant group.


[image: image]

FIGURE 1. Steps regulated by MUTE and MUTE orthologs of grasses during stomatal development. (A) Stomatal development in Arabidopsis initiates when a protodermal cells acquires MMC identity. The MMC undergoes an asymmetric division that generates a small M and a larger SLGC. Ms usually reiterate their asymmetric divisions in an inward spiral. Ms activity stop when they assume GMC identity. GMCs divide symmetrically to produce the two kidney-shaped GCs. MUTE controls the transition from M to GMC, and the GMC division to produce a pair of kidney-shaped cells. (B) In grasses, stomatal development starts with an asymmetric division from an MMC that, in contrast with Arabidopsis, directly produces the GMC. Then, cells from files on either side of the GMC adopt SMC identity. SMCs divide asymmetrically to produce the two SCs making contact with the GMC. Once GMC is flanked by the SCs, it undergoes a symmetric division producing the two dumbbell-shaped GCs. Grass MUTE genes, in addition to control SMC identity and SCs formation, they also regulate GMC fate and GC morphogenesis. GC, guard cell; GMC, guard mother cell; M, meristemoid; MMC, meristemoid mother cell; SC subsidiary cell; SLGC, stomatal lineage ground cell; SMC, subsidiary mother cell.


In Arabidopsis, the transition from GMC to paired GCs is regulated by MUTE (Han et al., 2018; Figures 1A, 2A and Table 1), which also controls the previous step, that is, the GMC formation from the last M (MacAlister et al., 2007; Pillitteri et al., 2007). The presence of arrested Ms, after an excess of self-renewing cell divisions, instead of stomata in mute loss-of-function mutants (MacAlister et al., 2007; Pillitteri et al., 2007), and the conversion of all epidermal cells to stomata in plants overexpressing MUTE (MacAlister et al., 2007; Pillitteri et al., 2007), are consistent with the functions attributed to this gene. MUTE encodes a basic-helix-loop-helix (bHLH) protein (MacAlister et al., 2007; Pillitteri et al., 2007), and its functions depend on its heterodimerization with the functionally redundantly bHLH proteins ICE1 (also known as SCREAM) and SCREAM2 (Kanaoka et al., 2008). Its expression, which overlaps with the localization of the protein encoded by this gene (Wang et al., 2019), is restricted to Ms and GMCs (MacAlister et al., 2007; Pillitteri et al., 2007). MUTE controls the last cell division of stomatal development directly upregulating cell-cycle regulators, and later transcriptional repressors of these cell-cycle regulators, like FAMA and FOUR LIPS (FLP) (Han et al., 2018 and references therein; Figure 2A). FAMA, which also encodes a bHLH protein that forms heterodimers with ICE1 and SCREAM2 (Ohashi-Ito and Bergmann, 2006; Kanaoka et al., 2008), not only ensures that GMCs undergo a single cell division, but also guides GC differentiation (Ohashi-Ito and Bergmann, 2006; Table 1). This gene is expressed and translated in GMCs and differentiating GCs (Ohashi-Ito and Bergmann, 2006). Independently of FAMA, the MYB gene FLP, which is strongly expressed in GMCs and in young GCs, together with its paralogous MYB88, also restricts GMC-division and guides GC differentiation (Lai et al., 2005; Table 1).
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FIGURE 2. Role of MUTE, FAMA, FLP, and their orthologs in rice during GMC progression and GC morphogenesis. (A) In the GMC of Arabidopsis, MUTE positively regulates cell-cycle genes, but also, immediately after, repressors of them, among them FAMA and FLP. This makes possible that the GMC undergoes a single cell division. MUTE, by promoting FAMA and FLP expression, in addition to halt proliferative GMC divisions, controls GC differentiation. (B) In rice, OsMUTE guides GMC face by correctly orientating its cell division plane, perhaps by positively regulating OsFLP. OsMUTE also controls GC morphogenesis by promoting OsFAMA expression. OsMUTE may also regulate OsFLP to guide GC morphogenesis. It is not known what makes it possible for GMCs to undergo a single cell division. GC, guard cell; GMC, guard mother cell.



TABLE 1. Role of MUTE, FAMA, and FLP, and their orthologs in grasses.

[image: Table 1]Three grass MUTE orthologs have been recently isolated and characterized (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019; Table 1): BdMUTE from Brachypodium distachyon, ZmMUTE from maize and OsMUTE from rice. They also regulate stomatal development but in a very different way to MUTE (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019). OsMUTE and BdMUTE, like MUTE, associate with their orthologs of both SCREAM and SCREAM2 to control stomatal development, although there are differences in the function of these bHLH proteins between the grasses and Arabidopsis, and also within the grasses themselves (Kanaoka et al., 2008; Raissig et al., 2016; Wu et al., 2019). In contrast with MUTE, these grass MUTE orthologs induce the recruitment of SCs, and the proteins encoded by them move from the GMC, where they are expressed, to the SMCs (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019). This led to speculation that grass MUTE genes function in a non-cell-autonomous way, meaning that they influence adjacent SMC where they are not transcribed (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019; Serna, 2020). Mutations in grass MUTE orthologs, in addition to blocking SCs formation, also disrupt GMC fate (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019). In Brachypodium, it is known that mutations in BdMUTE not only block GMC fate but also GC morphogenesis (Raissig et al., 2017). However, given that the execution of the GMC fate takes place after the recruitment of the SCs, it is not known if the effect of MUTE orthologs during GMC division and GC differentiation is direct or, conversely, a consequence of their requirement in the previous step. Here, I delve into the possible function of grass MUTE genes in GMC fate progression and GC differentiation. The emerging picture unravels that they control GMC fate in an autonomous manner. They also regulate GC morphogenesis. In addition, in rice, GC morphogenesis takes place through positive regulation of OsFAMA by OsMUTE. Moreover, several observations strongly suggest that SCs formation is not required for grass MUTE genes to trigger the GMC division, but for GC maturation.



BdMUTE CONTROLS AUTONOMOUSLY GMC FATE

In Arabidopsis, MUTE promotes both the transition from the M to the GMC and the symmetric division of the GMC to produce two paired GCs (MacAlister et al., 2007; Pillitteri et al., 2007; Han et al., 2018). Ms appear to be absent in grasses, where a single asymmetric division from the MMC directly produces the immediate stomatal precursor (Nunes et al., 2019; Serna, 2020). This stomatal precursor, the GMC, divides symmetrically to produce the two GCs. Do grass MUTE genes regulate the transition from GMC to the paired GCs as MUTE does in Arabidopsis?

Most GMCs (70%) of bdmute divide symmetrically with their division plane orientating like those of wild-type plants, but to produce dicot-like stomata (Raissig et al., 2017). The remaining of GMCs (around 30%) of this mutant do not produce stomata (Raissig et al., 2017). They fail to specify the orientation of the GMC division plane and/or undergo excessive and randomly oriented cell divisions (Raissig et al., 2017). These results indicate that BdMUTE, in a redundant manner with other factors, controls GMC fate. Given that bdmute is completely devoid of SCs, its ability to develop stomata are telling us that BdMUTE, together with unknown factors, regulates autonomously, that is, in the cells in which it is made, GMC fate.

In contrast to bdmute, both bzu2-1 and c-osmute, with loss-of-function mutations in ZmMUTE and OsMUTE respectively, completely lack stomata (Wang et al., 2019; Wu et al., 2019). Instead, these mutants produce GMCs that undergo excessive, randomly oriented and/or asymmetric divisions, which give rise to short columns of elongated cells (Wang et al., 2019; Wu et al., 2019; Buckley et al., 2020; Serna, 2020). While in c-osmute these columns consist of two cells, in bzu2-1 can appear up to four cells. Interestingly, bzu2-1, which develops a small percentage (4.61%; n = 802) of complexes with one SCs, does not develop GCs (Wang et al., 2019). This observation suggests that, in maize, GMC fate progression does not depend on SCs formation. Then BdMUTE, and probably grass MUTE orthologs, controls GMC fate in a fully autonomous manner, and not by inducing a signaling from SCs.

But how do grass MUTE genes control GMC division? In Arabidopsis, cyclin-dependent kinase complexes consisting of a CYCA2s and CDKB1;1 positively regulate GMC division (Boudolf et al., 2009; Vanneste et al., 2011). CYCD5;1, which interacts with CDKA1;1 (Boruc et al., 2010), also promotes GMC division (Han et al., 2018). The same happens with CYCD7;1 together with CDKB1, which also executes GMC division (Weimer et al., 2018). Upstream of these complexes is MUTE, which directly upregulates the expression of the genes encoding for these cell cycle regulator proteins (Han et al., 2018; Weimer et al., 2018). Later, FLP, whose expression is positively regulated by MUTE (Han et al., 2018), represses CDKB1;1 expression, and GMC division, by binding to a cis-regulatory region in its promoter (Xie et al., 2010). Like CDKB1;1, CDKA;1 is also a direct target of FLP/MYB88, which bind to its promoter (Yang et al., 2014). FLP/MYB88 also repress CYCD7;1 expression (Weimer et al., 2018). This makes possible that GMCs undergo a single cell division. FAMA, whose expression is also induced by MUTE (Han et al., 2018), may also negatively regulate CDKB1;1 to halt cell division (Boudolf et al., 2004). FAMA also binds to the CYCD7;1 promoter to restrict CYCD7;1 expression (Weimer et al., 2018). In contrast to Arabidopsis, rice has only one ortholog to CYCA2s, named OsCYCA2;1 (La et al., 2006; Qu et al., 2018). OsCYCA2;1 forms a complex with OsCDKB1, which is the ortholog of Arabidopsis CDKB1;1 (Qu et al., 2018). This complex, in contrast to those between CYCA2s and CDBK1;1, does not regulate GMC divisions, but it controls the previous step that generates the GMC (Qu et al., 2018). Although we know the targets of MUTE, and of its downstream components FLP and FAMA, to control GMC fate, the same does not happen for OsMUTE and OsFLP. The only thing we know now is that OsMUTE regulates GMC division in a different way than MUTE does in Arabidopsis.



OsMUTE INDUCES GC MORPHOGENESIS POSITIVELY REGULATING OsFAMA EXPRESSION

BdMUTE not only controls GMC fate but also GC morphogenesis as shows the fact that bdmute develops dicot-like stomata. Does this regulation of GC shape extend to the other grass MUTE genes? Or, on the contrary, is it exclusive to Brachypodium and perhaps lost with the domestication of grasses?

In the GMC of Arabidopsis, MUTE not only positively regulates cell-cycle genes (Han et al., 2018; Weimer et al., 2018; Figure 2A), but also the transcriptional repressors of theses cell-cycle genes (Han et al., 2018; Figure 2A). Among these repressors is FAMA (Han et al., 2018). Loss-of-function fama mutants fail to develop stomata, and instead they produce clusters of small and narrow cells named fama tumors (Ohashi-Ito and Bergmann, 2006), and overexpression of this gene converts all epidermal cells to unpaired GC-like cells (Ohashi-Ito and Bergmann, 2006). Thus, FAMA in addition to halt proliferative GMC divisions, induces GC morphogenesis (Ohashi-Ito and Bergmann, 2006; Figure 2A). This network started by MUTE ensures that GMCs undergo a single division producing the paired kidney-shaped GCs (Han et al., 2018). Analysis of relative expression of OsFAMA in c-osmute showed that it is significatively smaller than that in wild-type plants, indicating that, like in Arabidopsis (Han et al., 2018), OsMUTE induces OsFAMA expression (Wu et al., 2019), more probably in GMC and young GCs. Agree with this, RNA in situ hybridization determined the localization of OsFAMA transcript in the leaf epidermis of the sheath elongation zone (Liu et al., 2009), where GMC division and GC differentiation take place. However, the function of FAMA and OsFAMA does not seem identical: while loss-of-function mutations in FAMA induce fama tumors (Ohashi-Ito and Bergmann, 2006), those in OsFAMA usually result in the formation of stomata with box-shaped GCs instead of dumbbell-shaped ones (Liu et al., 2009; Wu et al., 2019). GMCs of c-osfama do not undergo extra cell divisions. So that while FAMA controls both GMC division and GC morphogenesis, OsFAMA only regulates GC differentiation (Figure 2). Agree with this, the expression of ProFAMA:OsFAMA in the Arabidopsis fama-1 mutant induces GC differentiation but does not prevent stomatal cluster formation (Liu et al., 2009). In contrast, the expression under the control of FAMA promoter of the Solanum lycopersicum ortholog of FAMA (SolycFAMA) in fama-1 complements the two defects of fama-1, preventing stomatal clusters formation and triggering GC differentiation (Ortega et al., 2019). This suggests that OsFAMA, and perhaps FAMA orthologs from grasses, has lost its ability to regulate GMC fate. The divergence between FAMA and OsFAMA is also evident when comparing their overexpression phenotypes: while ectopic FAMA expression is sufficient to confer GC character (Ohashi-Ito and Bergmann, 2006), ectopic expression of OsFAMA is not (Wu et al., 2019). Occasionally, osfama develops stomata devoid of one SC, suggesting that OsFAMA contributes to the recruitments of SCs (Wu et al., 2019). The presence of SCs in osfama is telling us that GC morphogenesis, at least in rice, does not depend on a mechanical force generated by the SCs. Although the functions of FAMA and OsFAMA are not identical, both MUTE and OsMUTE control GC morphogenesis by regulating FAMA and OsFAMA, respectively (Figure 2). The role of MUTE orthologs in GC morphogenesis is not, therefore, exclusive to Brachypodium, but extends, at least to rice, and probably to the remaining grasses.

MUTE also represses GMC division upregulating the expression of the transcriptional repressor of regulatory genes of the cell cycle FLP (Han et al., 2018), with loss-of-function mutations in both FLP and its paralogous MYB88 resulting in exaggerated stomatal cluster with undifferentiated stomatal precursor cells (Lai et al., 2005). Previous studies have shown that FLP and MYB88 function independently of FAMA (Ohashi-Ito and Bergmann, 2006). Mutations in OsFLP disrupt the orientation of the GMC division plane and GC differentiation (Wu et al., 2019), but in contrast to those in FLP and MYB88, they do not induce extra GMC divisions. Then, OsMUTE may regulate the orientation of the GMC division plane by regulating OsFLP expression (Figure 2B). Thus, it is not clear how grasses ensure that GMCs undergo a single cell division. We also do not know if the differences between FAMA/FLP and OsFAMA/OsFLP extend to the rest of grass FAMA/FLP orthologs.



SCs ARE REQUIRED FOR GC MORPHOGENESIS

OsMUTE promotes GC morphogenesis producing dumbbell-shaped GCs in rice leaves (Wu et al., 2019). Surprisingly, the stomata placed on rice coleoptiles are like those of Arabidopsis and quite different from those in rice leaves (Guo et al., 2016). What prevents the coleoptile GCs from undergoing the morphogenesis process that gives rise to dumbbell-shaped GCs? The stomatal complexes of rice coleoptiles not only consist of kidney-shaped GC pairs, but they are anomocytic, and therefore devoid of SCs (Guo et al., 2016). Then, one possibility is that SCs, which do not seem to be required for GMC division, are for GC morphogenesis.

In rice leaves, OsMUTE moves from GMC, where its gene is transcribed (Liu et al., 2009; Wang et al., 2019), to epidermal cells of neighboring files, where it is likely to regulate the transcription of genes required for SCs recruitment (Wang et al., 2019; Serna, 2020). MUTE, whose gene is expressed in GMCs (MacAlister et al., 2007; Pillitteri et al., 2007), does not move from GMC to surrounding epidermal cells (Wang et al., 2019). In agreement with this, Arabidopsis does not recruit SCs, or its GCs undergo the morphogenesis process typical of the GCs of grasses. OsMUTE is also expressed in coleoptiles of rice (Guo et al., 2016). An attractive hypothesis lies in the inability of movement of OsMUTE from GMC to its adjacent epidermal cells placed on neighboring files, preventing SCs formation, and consequently GC morphogenesis. Alternatively, OsMUTE may move among cells but its function that induces the recruitment of lateral SCs may be blocked in coleoptiles.

The development of dicot-like stomata in coleoptiles of rice suggests that signals emanating from SCs trigger GC morphogenesis in rice leaves. But what is the molecular nature of these signals? The role of OsFLP in GC morphogenesis is unclear, but OsFAMA, positively regulated by OsMUTE, promotes GC morphogenesis (Wu et al., 2019). OsMUTE may regulate OsFAMA from SCs and, consequently, in a non-autonomous way, by inducing the expression of unknown genes. What seems to be clear is that SCs are required for GC morphogenesis. Agree with this view, MUTEp:OsMUTE expression partially complements the defects of mute-1 by inducing the formation of kidney-shaped GCs from some stomatal precursor (Liu et al., 2009), but is not capable of inducing the differentiation of dumbbell-shaped GCs in the absence of SCs. Like OsMUTE, ZmMUTE driven by the MUTE promoter in mute-1 produces kidney-shaped GCs from some stomatal precursors (Liu et al., 2009), but it is not capable of producing grass stomata or SCs.

MUTE and grass MUTE retain the control of GMC division, but they have also diverged, with grass MUTE acquiring two new functions: the recruitment of SCs and the production of dumbbell-shaped GCs. It is time to speculate that the grass stomata have evolved from those of plants with kidney-shaped GCs, and through a mechanism that involves the intercellular movement of grass MUTE. At an intermediate point of this evolutionary path is Flagellaria indica, which is closely related to grasses, and exhibits intermediate morphologies in its GCs, neither dumbbell nor kidney-shaped ones (Sack, 1994). Because Flagellaria indica exhibits SCs like those of grasses, that is, its complexes are paracytic-non-oblique (Sack, 1994; Rudall et al., 2017), it is likely that SCs only trigger the first steps of GC morphogenesis of grasses.



CONCLUDING REMARKS

BdMUTE, in addition to recruit SCs, controls GMC fate in a fully autonomous manner. Although possibly grass MUTE orthologs also autonomously control GMC fate, experimental data are necessary to confirm it. Interestingly, the bdmute incomplete penetrance unravels that unknown factors trigger stomatal formation in this mutant (Nunes et al., 2019; Serna, 2020). The full disruption of GMC fate in both osmute and bzu2-1 suggests that these unknown genes regulating GMC fate in Brachypodium may have been blocked with the agricultural practices (Ohashi-Ito and Bergmann, 2006; Serna, 2020). The isolation and characterization of additional grass MUTE genes from both domesticated and wild plants will be essential to determine whether there is a direct link between BdMUTE divergence and the human influence on agriculture.

Grass MUTE genes also control GC morphogenesis. In rice, the proteins encoded by these genes do it, like in Arabidopsis, by positively regulating OsFAMA expression. Because OsFLP controls the orientation of the GMC division plane (Wu et al., 2019), perhaps positively regulated by OsMUTE, its possible role during GC morphogenesis is unclear. Analysis of the morphogenesis of the GCs of osflp produced by correctly orientated GMC divisions, will help to deep into the function/s of OsFLP and to unravel how much it has diverged from FLP. It is important to note that while FAMA and FLP, regulated by MUTE, in addition to controlling GC differentiation, also ensure that GMCs undergo a single division (Lai et al., 2005; Ohashi-Ito and Bergmann, 2006; Han et al., 2018), OsFAMA and OsFLP do not ensure the repression of extra GMCs division. So far, we do not have any information about the function/s of FAMA and FLP genes in Brachypodium and maize. The analysis of the FAMA and FLP orthologs function/s in these plant species will let us know if the differences in FAMA and FLP functions between Arabidopsis and rice extend to the rest of grasses.

Finally, the presence of stomata like those of Arabidopsis in rice coleoptiles questions the role of OsMUTE/OsFAMA in this embryonic organ and suggests that SCs are required for GC morphogenesis. We could be close to revealing the origin of the peculiar and highly efficient stomata of grasses, which seems to be related to the intercellular movement of grass MUTE. This unique and highly efficient structure is likely to have contributed, 30–45 million years ago, to the successful expansion of this plant group (Kellogg, 2001; Hetherington and Woodward, 2003; Chen et al., 2017).
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Recent technical advances in the computer-vision domain have facilitated the development of various methods for achieving image-based quantification of stomata-related traits. However, the installation cost of such a system and the difficulties of operating it on-site have been hurdles for experimental biologists. Here, we present a platform that allows real-time stomata detection during microscopic observation. The proposed system consists of a deep neural network model-based stomata detector and an upright microscope connected to a USB camera and a graphics processing unit (GPU)-supported single-board computer. All the hardware components are commercially available at common electronic commerce stores at a reasonable price. Moreover, the machine-learning model is prepared based on freely available cloud services. This approach allows users to set up a phenotyping platform at low cost. As a proof of concept, we trained our model to detect dumbbell-shaped stomata from wheat leaf imprints. Using this platform, we collected a comprehensive range of stomatal phenotypes from wheat leaves. We confirmed notable differences in stomatal density (SD) between adaxial and abaxial surfaces and in stomatal size (SS) between wheat-related species of different ploidy. Utilizing such a platform is expected to accelerate research that involves all aspects of stomata phenotyping.

Keywords: affordable phenotyping, real-time image analysis, stomatal density, stomatal size, microscopy


INTRODUCTION

Stomata are pores of plant leaves that regulate gas exchange. Plants modulate the degree of stomatal opening (aperture) to adjust CO2 uptake and water loss in response to environmental conditions such as light intensity, humidity, temperature and CO2 concentrations. In addition to the regulation of stomatal aperture, stomatal density (SD) and stomatal size (SS) are also known to influence gas exchange efficiency (Bertolino et al., 2019). From this viewpoint, quantification of such traits is important to gain insights into the molecular mechanisms that underlie the environmental adaptability of the plant. Genetic approaches such as Quantitative Trait Loci analysis and Genome-Wide Association Studies, in addition to forward chemical genetic screening, have successfully identified factors involved in such traits (Ziadi et al., 2017; Chen et al., 2020). To detect genetic and environmental effects on a quantitative trait, it is crucial to measure the data variation using a large sample (Tsuchimatsu et al., 2020). However, quantification of stomata-related phenotypes has often had to rely on manual methods, limiting the throughput of the research.

Recent technological advances in the computer-vision domain have allowed the development of various algorithms, pipelines or platforms to quantify stomata-related phenotypes through analysis of microscopic images. For example, Jayakody et al. (2017) have built a HOG classifier to detect the stomata of grapevine leaf imprints. Toda et al. (2018) have also utilized HOG in an image-analysis pipeline to detect the stomata of dayflower leaf disks. Meanwhile, Fetter et al. (2019) have utilized a convolutional neural network (CNN), a deep learning architecture, to identify stomata from a variety of microscopic images taken from various plant species. Other deep learning models, e.g., YOLO, SSD, and Mask R-CNN, have been proposed as useful adjuncts in stomata detection and trait measurement (Sakoda et al., 2019; Casado-García et al., 2020; Jayakody et al., 2021). As exemplified by those studies, deep learning has been demonstrated to be efficacious in the quantification of stomatal traits.

However, we faced several issues in implementing the above systems in a laboratory environment. First, to train a deep neural network model, a computer equipped with a high-performance graphics processing unit (GPU) and sufficient random-access memory (RAM) was required. Moreover, to use the trained deep learning model in daily analysis, an additional personal computer (PC), preferably also with a GPU, was ideally needed. This involves a high implementation cost to establish the image-analysis system. Second, we experienced difficulty in implementing real-time analysis that could observe and detect stomata on the fly. Attainment of such systems has been desirable for experimental biologists because they are expected to relieve the labor of injecting the acquired microscopic image into an independent program. However, manufacturers of laboratory-grade CCD/CMOS cameras designed for microscopic image acquisition often do not make drivers, software development kits or application programming interfaces available to users, but use proprietary dedicated software to run the devices. This makes it difficult for a “home-brewed” image-analysis program to access the camera connected to the microscope for on-site analysis.

To resolve such issues, we designed a microscopic system intended to analyze stomatal traits in real time, which can be easily and affordably prepared. The hardware system consists of an upright microscope connected to a USB video device class (UVC)-compatible camera and a Jetson Nano, a GPU-supported single-board computer. We chose each component to be generally available at electronic commerce sites (e.g., Amazon, eBay) at an affordable price, so that the total cost does not exceed USD 1,000. Moreover, the UVC compatibility of the camera allows it to be controlled from open-source computer-vision libraries. Using this system, we built an analysis pipeline to detect the stomata of wheat leaf blade imprints using an SSD, a deep learning architecture designed for object detection (Liu et al., 2015). The train/test dataset annotation and the model training were performed using free cloud services, which also minimized the preparation cost.

Using this platform, we investigated the phenotypic traits of wheat stomata. Here, we demonstrate that our platform can easily quantify wheat SD and SS in large numbers of samples. By increasing the sample number, we were able to detect the difference in the SD between adaxial and abaxial surfaces with high statistical confidence. Notably, a negative correlation between SD and SS within a single leaf was also detected. As exemplified by the case study, utilizing such a platform is expected to accelerate research involving all aspects of stomata phenotyping in fields such as plant physiology, breeding and agriculture.



MATERIALS AND EQUIPMENT


Required Hardware


Server PC

• NVIDIA Jetson Nano B01 (NVIDIA, United States).

• 5 V/4 A AC/DC power supply for Jetson Nano.

• UHS-I microSD card (preferably larger than 64 GB).

• USB A-MicroB conversion cable.

• LAN cable.

• Internet accessible environment.

• (Optional) USB memory for storing the acquired image.

• An additional PC or an adapter that can read/write a SD card image for the Server PC.



Microscope

• Upright C-mount trinocular microscope with ×4 and ×10 lenses, e.g., SW380T 40–2500X (Swift Optical Instruments, United States). Alternatively, a binocular microscope can be used with an additional eyepiece C-mount adapter.

• UVC-compatible with C/CS mountable camera with a resolution preferably over 8 MP. e.g., WE3170 (GAZO, Japan), ELP-USB13M02-MFV (ELP, China).



Client PC

• Arbitrary PC with USB 2.0 connection available.



Required Software


Server PC

• Configuration provided by NVIDIA1. However, for the initial SD card image, we strongly prefer using JetCard,2 an AI development friendly configuration. This image enables users to skip the time consuming and complex installation of the python-related libraries including ones that are required by our GUI system, as well as Jupyter Notebook (Lab) Server and initial user account setup. Instructions written in the section “Methods” assume that users have used the JetCard image.

• We prepared a simple browser-based GUI that can be run in Jupyter Notebook3. This package also contains the stomata detection SSD model weights prepared as described in the Methods section. Alternatively, users can run their custom python code that receives camera input and simultaneously processes data.

• Users may connect the display to the Jetson Nano while setup, however, upon running the analysis program, the display must be disconnected and be controlled by the client PC (headless mode) to ensure sufficient free GPU memory for executing the deep neural network model and image analysis upon real-time analysis.



Client PC

• Any software that can perform an SSH connection to the server PC.

• Web browser.

• 1x USB-A port.

• The present system has been tested in the following PC environments, although most of the commercially available PC environments are expected to work. If the OS does not have an SSH client at default, download any arbitrary SSH client.

– macOS Catalina 10.15.7 with Google Chrome (91.0.4472.114).

– Windows 10 Pro version 1909 (OS Build: 18363.1440) with Microsoft Edge (91.0.864.59).





METHODS


Configuration


Microscopy

• Remove the lens unit of the camera if present and mount it on the C-mount trinocular tube of the microscope. The camera can alternatively be mounted to the eyepiece of the microscope using the eyepiece/C-mount adapter.



Server PC

• Create the SD card image of Jetson Nano using the JetCard image at any available PC by downloading and writing the image file available at https://github.com/NVIDIA-AI-IOT/jetcard. Users will need a PC with an adapter to read/write SD card. Detailed instructions of how to prepare are thoroughly described at the website.

• Insert the SD card with its image into the Jetson Nano.

• Power on the Jetson Nano with headless mode (no monitor connected).

• Connect the microscopy camera to the USB A port of Jetson Nano.

• Connect the LAN cable to Jetson Nano.

– For security reasons, we do not recommend the Jetson Nano to be always connected to the internet. We prefer the LAN cable to be disconnected after the initialization step described below. After setup, the system can be run completely offline.



Client PC

• Initialization.

– Connect the client PC to the Jetson Nano with the USB A-Micro B cable.

– Open the terminal and establish SSH connection with the following command.

– ssh -p jetson jetson@192.168.55.1.

– Using the Jetson Nano as the server PC through USB connection will automatically assign its IP address to 192.168.55.1, which is the default value configured in NVIDIA Jetson series (e.g., Nano, Xavier, TX2) as of June 2021.

– Install additional python libraries with the following command in the terminal.

– pip3 install ipywidgets scikit-image.

• Download the GUI and dependencies with the following command. Ensure the user is in the home directory (e.g. cd $HOME).

– git clone https://github.com/totti0223/onsite_stomata_platform.git.

– cd onsite_stomata_platform.

– git clone https://github.com/tensorflow/models.git.

– Close the terminal.

– Disconnect LAN cable from the Jetson NANO.

• GUI execution for stomatal detection.

– Open the terminal again and establish SSH connection this time with port forwarding.

– ssh -p jetson -L 8888:localhost:8888 jetson@192.168.55.1.

– If the JetCard image is used for Jetson Nano, port 8888 is occupied by JupyterLab instead of Jupyter Notebook. Both applications are compatible at the current state.

– Open a web browser, and type the following url for JupyterLab connection.

– localhost:8888.

– Type jetson for password.

– Locate and click the folder “onsite_stomata_platform” to move to its directory.

– Click and open “main_En.ipynb.”

– Execute each cell from the top. Execute the cell as described below and the GUI will start inside the notebook.

– _ = pme.stream(pipeline_func = pipeline_func, output_directory = None, camera_id = 0, videocapture_api_backend = 200, camera_initial_settings = {‘format’: [‘M’, ‘J’, ‘P’, ‘G’], ‘height’: 768, ‘width’: 1024, ‘fps’: 30}).

– The above code assumes users are using the ELP-USB13M02-MFV camera. If users want to test their Jetson Nano with a USB Web Camera or other input devices, simply delete camera_initial_settings = {…} from above.

– If the GUI would not start or execute properly due to JupyterLab specific configuration or version incompatibility, shutdown the ipynb notebook and reaccess by Jupyter Notebook. In brief, change the “/lab” to “/tree” in the URL. See https://jupyterlab.readthedocs.io/en/stable/getting_started/starting.html for details.

• GUI execution for custom image analysis interface.

– If users want to use their own stomata detection model in their GUI, the most simple way is to rename the existing “saved_model” folder to “_saved_model” and copy their own “saved_model” folder into the directory. Depending on their training condition and SS, users may have to change their input image size from the camera (from the GUI pulldown menu) to obtain optimal results. Notably, if users would like to prepare an image analysis module other than bounding box detection (e.g., instance segmentation), the user will need to prepare a custom pipeline func. In any case, the module can be modified in the notebook cell, in which the existing codes are self explanatory for users who have sufficient skills to prepare their own custom pipeline.

• Access https://github.com/totti0223/onsite_stomata_platform for further details online and future updates.



Generation of Stomata Detection Model

For annotating images used for machine-learning model training, we used Labelbox4, a cloud labeling service that is currently free for academic usage. We uploaded and labeled 697 wheat leaf imprint images so that each stoma for the training set was annotated with a circumscribed bounding box. Each image had a resolution of 2048 × 3072 (height × width) pixels that were acquired as described in the following section “Plant Materials, Growth Condition, and Sample Preparation.” Annotated dataset was then exported from Labelbox to the local environment in JSON format. Next, labeled images were resized to 1024 × 1536, padded with black pixels to the size of 1024 × 2048, and were split into two sized 1024 × 1024. The image transformation and the converting bounding-box coordinates were performed using Albumentations (Buslaev et al., 2020), an image augmentation library. Sets of images and annotations were then converted to COCO json format, then finally to TFRecord format.

The training of the stomata detection model was performed by following the steps of the section “Training and Evaluation with TensorFlow 2” of the Tensorflow Model Garden repository5. The training process was run in Google Colaboratory6, a freely available cloud programming service with GPU accessibility. Detailed codes and instructions to reproduce the regarding system as well as the stomata detection model is described in Google Colaboratory executable notebook7 hosted at https://github.com/totti0223/onsite_stomata_platform. Briefly, the default config parameters provided in the repository were used for training. We used an SSD (Liu et al., 2015) with MobileNetV2 backbone, pretrained with COCO dataset, with an input size of 640 × 640 (Refer to ssd_mobilenet_v2_fpnlite_640 × 640_coco17_tpu-8 at Tensorflow Model Garden). As a result, we obtained a model that detects stomata with a mean Average Precision (mAP) of 0.825 and 0.636 with the intersection-over-union (IoU) threshold of 0.3 and 0.5 against the test dataset, respectively. The trained model was downloaded from Google Colaboratory to the local environment as a SavedModel format, and used for the GUI. Notably, the test dataset was created by acquiring 50 images using the microscopy proposed in this research with a resolution of 768 × 1024.



Plant Materials, Growth Condition and Sample Preparation


Training Data

A series of 25 bread wheat accessions with serial numbers from LPGKU2305 to LPGKU2329 (National BioResource Project–Wheat, Japan) and a Swiss winter wheat cultivar “ArinaLrFor” (Singla et al., 2017) were used as training data. The first leaves of young plants and the flag leaves after heading were collected from those wheat accessions in the greenhouse. The epidermal thin imprints were prepared by pasting and drying clear nail polish on the leaves. In some cases, first imprints were taken from the leaves using dental impression material (Dent Silicone AQUA, Shofu Inc., Kyoto, Japan) and used as the templates for the nail-polish imprints. The nail-polish imprints were put on glass slides and observed directly or after mounting with glycerol. Of note, samples were placed on the microscopic stage so that stomata were aligned as horizontally as possible. The microscope was a normal bright-field microscope, Olympus BX61 (Tokyo, Japan), equipped with a normal lens UPlanFLN. The camera was an RGB camera of 6.3 MP CMOS, a WRAYCAM-NOA 630 (Wraymer Inc. Osaka, Japan). These images were used for initial training for the detection model described in the prior “Generation of Stomata Detection Model” section. Other bread wheats, a cultivar Yumechikara and a synthetic hexaploid wheat, were used to acquire datasets for validation. These samples were observed using the same method as the samples used for the measurements below.



SD and SS Measurements

A hexaploid bread wheat Triticum aestivum (cultivar: Chinese Spring), a tetraploid wheat Triticum turgidum (extracted tetraploid wheat harboring AABB subgenomes of Chinese Spring) (Yang et al., 1999), diploid wheat-relative grasses Triticum urartu (accession: KU-199-01) and Aegilops tauschii (accession: KU-2076), and a model grass Brachypodium distachyon (accession: Bd21) were used in this study. The seeds were germinated on moist filter papers in the dark at 4°C, then the seedlings were grown in plant pots under continuous white LED light in an air-conditioned room maintained at 22°C. The first leaves of four-leaf-stage plants were used for observation. Microscopic images were taken from three plants of each species. The slides were prepared using the same method as for preparing the training data described above. The microscope, camera and image processing devices were as described above.

To sample images from a wide range of leaf areas in an unbiased manner, images were acquired according to the following protocol. At first, we decided a whole target area to be acquired and prepared the imprint. Approximately a middle third of total leaf length was selected as the target because the middle parts of wheat leaves show smaller variation in SD among subsamples than subsamples from the distal and proximal parts of the leaves (Teare et al., 1971). Second, the angles of the imprint and camera were adjusted to align cell files along the left-right axis in the image. Third, start acquiring a series of images from the top left and scanned across the target area to the bottom right. Each horizontal scan-lines is distant from the next ones with approximately the image size. When the current frame displayed is not good due to distortion, breaking, bubbles or shallowness of the imprint, we ignored that frame and went further to a better frame. During such a data quality evaluation, the real-time feedback was helpful to know whether or not the image quality was in a permissible range.



Data Analysis and Visualization of SD and SS

To calculate the SD, the total number of automatically detected stomata was divided by the microscopic field area (0.984 mm2 in our hardware setting). To measure the SS, the x- and y-lengths of each bounding-box were used as stomatal length and width, respectively, after scaling the values from units of pixels to micrometers (1.116 μm/pixel for ×4 lens, and 0.445 μm/pixel for ×10 lens). The bounding-box size of the stomata may be incorrect when the box coordinates contain a lower limit (0) or upper limit (1024 for the x-axis and 768 for the y-axis) because some part of the stomata protrudes from the image. Therefore, these marginal stomata were ignored in the SS calculation. The ground truth of stomatal length and width were manually measured on imageJ8 with Rectangle selection tool. Data visualization by scatter, density, box and jitter plots was performed using the ggplot2 package (Wickham, 2016) in the R language9. Statistical tests including t test and correlation tests were performed using the stats package in the R language.



RESULTS


Platform Appearance

The appearance of the platform and the schematic diagram of the dataflow prepared by following the Methods section are shown in Figures 1A,B. The camera input image was processed in the server PC (Jetson Nano), while the client PC was connected to the server PC by a web browser through a USB connection. Therefore, the latter does not require a specific operating system or hardware specification, which allows multiple users to connect their PCs to the platform without installing any specific programs (Supplementary Movie)10.
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FIGURE 1. Stomatal detection platform. (A) Schematic diagram of the workflow. (B) Appearance of the platform. Numbers in insets describe the individual components. 1, UVC-compatible camera (ELP-USB13M02-MFV); 2, upright trinocular microscope (SW380T); 3, server PC (Jetson Nano B01); 4, client PC (Macbook Pro 13-inch, 2017). (C) Screenshot of the GUI run in the client PC through the Google Chrome web browser.


The executed GUI is embedded inside the Jupyter Notebook (Figure 1C and Supplementary Figure 1). Moreover, the raw program code of the image-analysis module is written directly inside the cell of the Notebook. This allows easy program development and debugging for any users upon customization. In our configuration, the camera image sequence is processed through an SSD to obtain the coordinates of the detected stomata and then displayed as an annotated output. The processing speed of the platform depends on the camera input image size and the content of the image-analysis program, as well as the presence or absence of a display of the annotated image. In our configuration, it was about 1.4 frames per second.



Stomatal Density Measurement

To test the performance of stomata counting, we compared stomatal numbers per unit area (SD) from different types of tissues. In general, SDs differ between adaxial and abaxial leaf surfaces. In the case of Triticeae, the adaxial surface has a higher SD than the abaxial (Rajendra et al., 1978; Wang and Clarke, 1993). We measured SDs from adaxial and abaxial imprints of bread wheat leaves. More than 150 images, each of a 0.984 mm2 microscopic field, were analyzed. The mean SDs were 23.2 and 16.8 stomata/mm2 for adaxial and abaxial surfaces, respectively (Figure 2A). The true SDs, that is, the manually counted data, were 22.5 and 16.2 stomata/mm2, indicating error rates of only 2.84 and 3.70% for SD estimation.


[image: image]

FIGURE 2. A case study of SD and SS. (A) Automatically measured SD of abaxial (red) and adaxial (blue) surfaces. The first leaves from bread wheat (Triticum aestivum) were observed at the four-leaf stage of seedlings. Gray horizontal bars indicate mean values. (B) Automatically measured SS of different species with a series of genome sizes. Besides a scatter plot of length (x-axis) and width (y-axis), the density plots along each axis are shown. “x6_Tr,” “x4_Tr,” “x2_Tr,” “x2_Ae,” and “Br” indicate hexaploid T. aestivum, tetraploid Triticum turgidum, diploid Triticum urartu, diploid Aegilops tauschii and diploid Brachypodium distachyon, respectively. More than a thousand stomata were measured for each species. Abaxial stomata from the former four species and adaxial stomata of Brachypodium were measured because the Brachypodium has rich abaxial prickle hairs that hinder automatic measurements. (C) Local SD and local mean stomatal length of bread wheat (T. aestivum). Data were collected by automatic measurements. Each point represents a single microscopic image with a size of 0.984 mm2. Besides a scatter plot of SD (x-axis) and length (y-axis), the box plots along each axis are shown.


Despite the obvious difference in SD between adaxial and abaxial surfaces as shown in Figure 2A, the stomatal counts of single images varied, and the distributions of adaxial and abaxial surfaces largely overlap. This means that no significant difference between the surfaces can be detected in some cases of small samples. When four images were randomly sampled from our dataset and Welch’s t tests were performed, 3,652 of 10,000 (∼37%) simulations resulted in no significant difference (p > 0.05). In the case of 10-each random samples, only 33 of 10,000 (0.33%) simulations resulted in no significant difference, confirming the importance of sample size in statistical tests. While these simulations were performed from data for manually counted SD, the same random sampling with our automatically estimated SDs that included some errors resulted in no significant difference in 4,907 (∼49%) and 81 (0.81%), respectively, of 10,000 simulations of 4- and 10-each random samples. These simulations suggest that increasing sample size has a higher impact than increasing accuracy in SD estimation and statistical power, given that the error rate is sufficiently low.

In addition, we asked whether our phenotyping system can also be used to quantify the stomatal patterning parameter. Our image acquisition protocol provides the images in which cell files are aligned horizontally, thus the y-coordinates of stomata are limited to the position of stomatal files. This property allows us to automatically collect the interval lengths between stomatal files along the y-axis of the image (Supplementary Figure 2A). Such analyses for the interval lengths were performed for our adaxial and abaxial datasets of the bread wheat. The results indicate that there are two types of intervals, namely around 130 and 230 μm, in the abaxial surface (Supplementary Figure 2B). On the other hand, the adaxial data show continuously varying interval lengths from 140 to 240 μm (Supplementary Figure 2C). As exemplified by those results, the stomatal position data obtained from the present system can be used to quantify some aspects of the stomatal pattern.



Stomatal Size Measurement

Our analysis system detects each stoma as a bounding box and records each box size as representing the individual SS. Thus, the x-length and y-length indicate the stomatal length (guard cell length) and stomatal width (sum of guard cell widths, subsidiary cell widths and pore width), respectively, when the leaf distal–proximal axis corresponds to the left–right axis of the microscopic field (Supplementary Figure 3A). Comparison between the predicted and hand-measured SS of wheat-related species with different SS below resulted in Pearson’s correlation coefficients of r = 0.92 and r = 0.73 for stomatal length and width, respectively (Supplementary Figures 3B,C).

The mean SS, or the range of SS, is a species-specific trait, and useful for taxonomic classification in a case where no macroscopic trait is available to classify the different species clearly (Aryavand et al., 2003; Boza Espinoza et al., 2020). It is known that SSs correlate well with genome size in Triticum and other plants (Masterson, 1994; Beaulieu et al., 2008). Hexaploid bread wheat (T. aestivum) has a large genome consisting of A, B and D subgenomes (∼17 Gb) (International Wheat Genome Sequencing Consortium (IWGSC) et al., 2018). Tetraploid wheat with A and B subgenomes has approximately two-thirds of the hexaploid genome size. The diploid wild species, A. tauschii and T. urartu, which are the progenitors of bread wheat D and A subgenomes, respectively, have approximately a third of the genome size (Luo et al., 2017; Ling et al., 2018). We measured the SS of these plants using our bounding-box measurement system. The mean SSs were 87.2 μm × 54.4 μm, 66.3 μm × 40.7 μm, 59.0 μm × 36.4 μm, and 57.4 μm × 33.9 μm (length × width) for the AABBDD hexaploid, AABB tetraploid, AA diploid and DD diploid species, respectively, showing a clear correlation with the genome sizes (Figure 2B). This result shows that our automatic measurement performs well for a particular variation in SS, and is thus useful to describe this species-specific stomatal trait. Interestingly, the SS distributions partly overlapped between plants of different genome sizes, as shown by the scatter and the density plots (Figure 2B). In addition to determining the mean values, revealing such variations in a large sample number is important to identify the presence or absence of significant differences among species.

Brachypodium distachyon, a model grass, has a small genome (0.27 Gb) (The International Brachypodium Initiative, 2010). The molecular mechanism of formation of the dumbbell-shaped stomata of grass has been demonstrated in genetic studies using this species (Raissig et al., 2017). Its stomata are so small that only a portion of the stomata were detected when the low magnification (×4) lens was used, as was the case for wheat stomata in the present study (Supplementary Figure 4). This was because our model was trained with images of large wheat stomata. However, they were successfully detected with a lens of greater magnification (×10) (Supplementary Figure 4). The Brachypodium stomatal length and width were 27.9 ± 3.5 and 17.3 ± 2.8 μm (mean ± standard deviation), respectively (Figure 2B). Most cereal crops and wild grass species have genome sizes intermediate between those of B. distachyon and T. aestivum, thus their stomata can be expected to be detected if the image is acquired with an appropriate lens and resolution.



Correlation Between SD and SS

Previous studies have demonstrated that the variation in SS within a species is negatively correlated with the SD of the tissues observed (Rajendra et al., 1978). Such a negative correlation has been reported between different genotypes and between different leaf positions in a shoot. However, our knowledge is very limited (Smith et al., 1989) about whether the same relationship exists between small microscopic fields within leaves of the same genotype, leaf position and growth condition. We found that this negative correlation was observed in our dataset that consisted only of the first leaves from a single cultivar (Figure 2C). The adaxial and abaxial datasets showed significant negative correlations (p = 6.26e–08 and 1.55e–07, respectively, in Pearson’s correlation test) between mean stomatal lengths and SDs of different microscopic fields. Interestingly, the mean stomatal lengths were almost the same for adaxial and abaxial surfaces (86.7 ± 3.9 and 87.2 ± 3.7 μm, respectively), although the SDs were different (Figure 2C). This may suggest that the size of each stoma is determined according to the local SD of only a small surrounding region, but the response to the local SD differs between adaxial and abaxial stomata. Our system and others that support high-throughput phenotyping can contribute to obtaining greater insight into such unknown developmental mechanisms.



DISCUSSION

In this study, we proposed a platform that enables real-time stomata detection using microscopic observation. The setup cost of the hardware does not exceed USD 1,000, and the stomata detection model and the training data labeling can be prepared based on freely available services. Using the platform, we demonstrated SDs and their variation in adaxial and abaxial leaf surfaces, and characterized the SS distribution in several wheat-related species of different genome sizes. In addition, we could show that the adaxial and abaxial stomata in a bread wheat exhibit the same mean size even though they show different densities, and SD and SS of each surface correlate negatively. Our results indicate that experimental biologists can benefit from these cutting-edge technologies in image processing, not only by developing the algorithm but also by using free cloud services and reasonably inexpensive hardware, implementing real-time image processing and a user-friendly user interface. We discuss below some possible options, applications and future challenges of the present system.

In recent years, many companies have released inexpensive single-board computers. Of these, we used the Jetson Nano for the system because at present it is one of the most affordable GPU-harboring PCs (approx. USD 60). However, the GPU memory of the Jetson Nano is limited to 2 GB, which restricts the deep learning architecture that can be loaded into the pipeline. Superior NVIDIA Jetson models such as XAVIER and the TX2 series possess larger GPU memory, thus providing more choices of system configuration.

For stomata detection, we utilized a deep learning-based object detection algorithm to infer the bounding-box coordinates of the stomata. Because the stomata are always oriented horizontally both in our dataset and under observation conditions (Figure 1C), the bounding-box coordinates obtained can be used to estimate the width and length of the stomata. Although further refinement of the model is potentially needed to improve accuracy, the current parameters were adequate to highlight the differences in SS between species (Figure 2B). Application of alternative deep learning architecture intended for segmentation, such as Mask R-CNN (He et al., 2017), is expected to achieve a more precise measurement of the morphology of the stomata (Jayakody et al., 2021).

We focused on the detection of stomata from wheat-related species, which have the dumbbell-shaped stomata typical of grass plants. Similarly, to the increasing reports of stomata detection of kidney shaped stomata of dicots, detection of dumbbell shaped stomata of grass are also starting to be established, exemplified by that of wheat (Sun et al., 2021). In the present study, the training dataset was prepared from only hexaploid wheat cultivars with some augmentation, thus the variations in SS and morphology of diploid and tetraploid species were not included. Despite this limitation, the trained model detected most of the stomata from diploid and tetraploid species. This possibly reflects the morphological similarity of dumbbell-shaped stomata in imprint images. Enhancing the generalization of performance to detect the stomata of various grass species might be accomplished with little effort.

Image processing methods may not perform well because of difficulties that are common in biological images (Uchida, 2013). Raw microscopic images acquired on-site often include low-quality data unsuitable for analysis (Koho et al., 2016), such as out-of-focus images, nonuniform lighting or physical damage of the sample. These are often not taken into consideration during the development of analysis algorithms, and can be a potential difficulty in operation. An advantage of real-time analysis is that we can prevent the acquisition of such low-quality images because we can judge the quality of image-analysis results during observation. In the case of stomatal detection using imprint images, causes for these may include contamination by dust or distortion or a shallow imprint. It is costly to use manual analysis or to develop another program to complement the data. Thus, real-time image analysis during observation enables quality assurance of the analyzed data by the operator. In addition, high-speed image analysis enables a time-course analysis, which reveals the dynamics of stomatal aperture when living cells are observed (Sun et al., 2021). There is another potential benefit of real-time image processing for the development of further automatic high-throughput phenotyping systems. Just as an automatic car-driving system regulates the speed in response to the real-time detection of pedestrians and road signs in the camera images, it is possible to move the stage automatically and acquire multiple images using a program that links the microscope camera and a motorized stage. The functionality of an imaging system with an automated motorized stage has been proposed for high-throughput stomatal phenotyping (Millstead et al., 2020). There are motorized stages that are commercially available at a low price and that are controllable from a PC. Real-time image processing systems can expand the possibilities of cooperation between computer and robot as well as cooperation between computer and human.

 While there are some potential challenges for further generalization of performance and higher throughput, our present approach will provide the possibility for many experimental biologists to introduce a cost-effective high-throughput system that will accelerate a range of studies involving stomata-related trait analysis.
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The stomatal index of the leaf is the ratio of the number of stomata to the total number of stomata and epidermal cells. Comparing with the stomatal density, the stomatal index is relatively constant in environmental conditions and the age of the leaf and, therefore, of diagnostic characteristics for a given genotype or species. Traditional assessment methods involve manual counting of the number of stomata and epidermal cells in microphotographs, which is labor-intensive and time-consuming. Although several automatic measurement algorithms of stomatal density have been proposed, no stomatal index pipelines are currently available. The main aim of this research is to develop an automated stomatal index measurement pipeline. The proposed method employed Faster regions with convolutional neural networks (R-CNN) and U-Net and image-processing techniques to count stomata and epidermal cells, and subsequently calculate the stomatal index. To improve the labeling speed, a semi-automatic strategy was employed for epidermal cell annotation in each micrograph. Benchmarking the pipeline on 1,000 microscopic images of leaf epidermis in the wheat dataset (Triticum aestivum L.), the average counting accuracies of 98.03 and 95.03% for stomata and epidermal cells, respectively, and the final measurement accuracy of the stomatal index of 95.35% was achieved. R2 values between automatic and manual measurement of stomata, epidermal cells, and stomatal index were 0.995, 0.983, and 0.895, respectively. The average running time (ART) for the entire pipeline could be as short as 0.32 s per microphotograph. The proposed pipeline also achieved a good transferability on the other families of the plant using transfer learning, with the mean counting accuracies of 94.36 and 91.13% for stomata and epidermal cells and the stomatal index accuracy of 89.38% in seven families of the plant. The pipeline is an automatic, rapid, and accurate tool for the stomatal index measurement, enabling high-throughput phenotyping, and facilitating further understanding of the stomatal and epidermal development for the plant physiology community. To the best of our knowledge, this is the first deep learning-based microphotograph analysis pipeline for stomatal index assessment.

Keywords: stomatal index, cell counting, stomata detection, convolutional network, transfer learning


INTRODUCTION

Stomata are formed by pairs of specialized epidermal guard cells, which are the main pathways for gas exchange in the essential physiological processes of leaf plants, such as carbon assimilation, respiration, and transpiration (Kim et al., 2010). The counting and measuring of stomata in microscopic images of leaf epidermis have been one of the most typical plant biological activities (Willmer and Fricker, 1996). The stomatal density and size are good indicators that reflect the response of plants to abiotic stresses in the environment and permit quantitative estimation of the stomatal gas exchange parameters (Sack and Buckley, 2016). However, these traits will alter with the growth of plants or the environment that cannot be used to reveal the stomata initiation and epidermal development across plant genotypes or species. The stomatal index, estimated as the number of stomata per number of epidermal cells plus stomata, is relatively constant during plant growth (Salisbury, 1928). It is of greater significance in studying the epidermal development process in plant physiology and their genetic basis in plant breeding for productivity (Royer, 2001; Sack and Buckley, 2016).

The microscopic images of plant leaf epidermis contain two types of cells, namely, the tightly arranged epidermal cells and the guard cells. Stomata in the leaf epidermis are bounded by the bean- or dumbbell-shaped guard cells with fixed shapes, and in some species but not all, they are surrounded by one-to-many subsidiary cells (Boetsch et al., 1996). At present, various image analysis tools have been developed for detecting, counting (Aono et al., 2019; Fetter et al., 2019), and measuring stomatal aperture (Omasa and Onoe, 1984; Li et al., 2019) as well as assessing stomatal density (Vialet-Chabrand and Brendel, 2014). However, to the best of our knowledge, there is no pipeline designed for the stomatal index measurement, possibly due to the difficulty in epidermal cell detection. For that reason, this study aims to develop a pipeline for automatically measuring stomatal index by simultaneously counting epidermal cells and stomata from microscopic images of plant epidermis.

So far, many image processing-based stomata analysis tools have been proposed for a diversity of plant species. For tomato, Sanyal et al. (2008) isolated the stomata using a watershed algorithm, eliminated noise using morphological operations, and extracted the stomatal edges using the Sobel operator to measure the morphological features of the stomata (e.g., area, center of gravity, and compactness). As an edge-based method, its performance is insufficient when the edge of the stoma is discontinuous or has considerable noise. Laga et al. (2014) proposed a fully automatic tool for phenotyping the length and width of stomata openings and the size of guard cells in wheat. But this tool relied on a template-matching technique to detect stomata, which reduced its versatility in the presence of considerable variability in the stomata shapes. Another automatic method for stomata detection and counting used morphological operations (Da Silva Oliveira et al., 2014). This method required relatively high image quality and was not robust to images containing impurities. These disadvantages of image processing-based methods have led to the adoption of more advanced computer vision techniques. Recently, deep learning techniques, especially convolutional neural networks (CNNs), have emerged as powerful methods for automatically training the feature detector with the classifier. They made remarkable achievements in a range of object detection tasks. Stomata recognition is not an exception. General one-stage object detection algorithms, single shot multiBox detector (SSD, Sakoda et al., 2019) and you only look once (YOLO, Casado-García et al., 2020), and two-stage object detection algorithm, real-time object detection with Faster R-CNN (Li et al., 2019) and mask region-based CNN (Mask R-CNN, Bheemanahalli et al., 2021) built accurate stomata detection models for many plant species such as rice, soybean, wheat, barley, or sorghum. This study selected the Faster R-CNN for detecting and counting stomata by considering the speed-accuracy trade-off of the model.

Identifying and counting epidermal cells in leaf images are vital for developing the stomatal index measurement algorithm. Unlike stomata with fixed shapes and distinct morphological features, epidermal cells exhibit great diversities in size, shape, and clustering in different plant species. The epidermal cells of the wheat leaf are long, thin, transparent, and tightly touching with one another. Although we attempted multiple generic object detection algorithms, none of them achieved satisfying performance in recognizing epidermal cells. U-Net, a deep-learning model designed for frequently occurring quantification tasks such as cell detection and semantic segmentation in biomedical image data (Ronneberger et al., 2015), may be a suitable solution. Modified and extended from a fully convolutional network (FCN), U-Net used excessive elastic deformations for data augmentation and trained on a diverse set of data, allowing adaption to new tasks with a small number of annotated images. Recently, some animal cell segmentation studies, such as bladder cancer cell segmentation in phase-contrast microscopy images (Hu et al., 2019) and nuclei segmentation (Zeng et al., 2019) were based on the U-Net structure. Some studies of smart farming showed promising performance using U-Net, such as segmentation of cucumber leaf disease (Lin et al., 2019) and field study of wheat yellow rust monitoring (Su et al., 2020). A weight loss in U-Net was designed for isolating background labels between touching cells, which is suitable for the detection task of epidermal cells. Unfortunately, there is currently no example of applying U-Net to plant cell segmentation to the best of our knowledge.

In this study, we developed an automatic image analysis pipeline to assess the stomatal index from microscopic images of the leaf epidermis. Faster R-CNN was deployed to count the stomata number. U-Net was utilized to extract the epidermal cell network. After a series of morphological image post-processing, the number of epidermal cells was calculated by counting the number of connected domains from the epidermal cell network. Finally, the stomatal index of the current microscopic image was calculated by dividing the stomata number by the total number of stomata and epidermal cells.



MATERIALS AND METHODS


Image Acquisition
 
Wheat Dataset

A total of 1,000 microscopic images was collected from the leaf abaxial epidermis of fully expanded leaves derived from 100 wheat varieties (Triticum aestivum L., Supplementary Table 1). Seedlings were grown in a growth chamber at 14°C with 16 h of light and 8 h of darkness. At the two-leaf stage, the fully expanded second leaves were cut from the plants. We stuck the abaxial surface of the collected wheat leaves on tapes and scraped off the epidermis and mesophyll cells at the adaxial surface of the leaves with a sharp scalpel, leaving only the colorless and transparent abaxial epidermal cells attached to the tape. The tape with intact and clean abaxial epidermal cells and stomata was stuck onto a clean slide and then imaged the leaf areas on either side of the primary veins at × 10 magnification using the Olympus DP72 microscope camera (Figure 1A). Five micrographs were taken for each specimen, and a total of 15 micrographs were collected for three specimens of each variety. They were stored in JPEG format with a resolution of 1,360 × 1,024 (Figure 1B). A total of 500 images, were randomly selected and cropped to 680 × 512 and reshaped to 1,360 × 1,024 using cubic interpolation to obtain 500 images at × 20 magnification. In the end, 500 images at × 20 magnification and the remaining 500 images at × 10 magnification were combined as the wheat dataset for this study.


[image: Figure 1]
FIGURE 1. Data collection platform. (A) Olympus DP72 industrial microscope. (B) Microscope image of wheat leaf epidermis.




Cuticle Dataset

To verify whether the pipeline can be applied to other species, 156 microscopic images of plant cuticles derived from 31 plant families (Supplementary Table 2) were downloaded from the cuticle database (https://cuticledb.eesi.psu.edu/, Barclay et al., 2007). As shown in Supplementary Figure 1, the morphologies of stomata and epidermal cells of these 31 plant families are pretty diverse. These micrographs were obtained via imaging the specimens of stained leaf tissues (Barclay et al., 2007; Fetter et al., 2019).




Automatic Pipeline for Stomatal Index Measurement

We developed a fully automatic solution for stomatal index measurement that mainly consisted of two parts, namely, stomata and epidermal cell counting (Figure 2). The details are described as follows: At first, the microscopic images of crop leaves were annotated and augmented to build the dataset. The Faster R-CNN was used to identify the stomata and counting in a given microscopic image. The U-Net was employed to segment the epidermal cells as connected domains. Several image-processing techniques were applied to refine the segmentation results of U-Net based on cell morphological features of epidermal cells. The number of epidermal cells in a given microscopic image was measured by counting the number of high-quality connected domains. Subsidiary cells associated with the guard cells were present in wheat and many (but not all) plant families of the cuticle dataset (Figure 1B and Supplementary Figure 1). It should be noted that they were not counted as epidermal cells in the study. Finally, the stomatal index was calculated by the following formula.
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[image: Figure 2]
FIGURE 2. A flow chart of the proposed pipeline of the stomatal index measurement.




Image Annotation

Stomata in the 1,000 microscopic images were manually annotated by three experts using the Colabeler (AI labeling tool, http://www.colabeler.com). For each annotated image, an additional extensible markup language (XML) file with the same name as the original image file was exported in Pascal VOC format of object detection (Everingham et al., 2010). Each stoma was marked by the smallest circumscribed rectangle {xmin, ymin, xmax, ymax} to determine its relative position on the image. All the complete stomata or stomata with more than half of the length at the edge of the image were marked. For epidermal cell annotation, we utilized the semi-automatic strategy considering a large number of epidermal cells in each microscopic image. There were two types of annotations for each epidermal cell segmentation experiment: black and white. We used black (RGB: 0, 0, 0) to label the cell wall or leaf vein and white (RGB: 255, 255, 255) to label the intracellular regions. In addition, we ignored trichomes by marking them as white to eliminate their interferences for epidermal cell segmentation. Subsidiary cells were labeled in black since they were not counted as epidermal cells (Figure 3A). Usually, it is very time-consuming and laborious to obtain the ground truth of the semantic segmentation task. A semiautomatic annotation method was used to improve the efficiency of cellular annotation. The whole annotation process was shown in Figure 3B. In brief, 210 images were grayscaled, binarized, and manually annotated using Microsoft Paint 3D for Windows. These annotated images trained the U-Net with image augmentation for 200 epochs to obtain an initial segmentation model (Model_1). The remaining 790 images in the dataset were fitted into Model_1 to generate corresponding pseudo labels. After manual modification to the ground truths, all the 1,000 microscopic images were annotated. The proposed semiautomatic annotation method was much more efficient than the manual method. It took about 10 min to generate an annotation with manual correction, while fully manual annotation cost about 1 h per image.


[image: Figure 3]
FIGURE 3. Epidermal cell annotation. (A) Original image of wheat leaf epidermis microscope (upper) and its annotation image (lower). (B) Semiautomatic annotation process using an initial segmentation model (Model_1).




Deep Learning-Based Algorithms
 
Stomata Detection by Faster R-CNN

ResNet101 (He et al., 2016) was implemented as the backbone of Faster R-CNN to extract feature maps. In this network, the region proposal network (RPN) was used to scan the backbone feature map, which effectively reused the extracted features and avoided repeated calculation of region of interest (ROI). The region proposal generated by RPN was combined with the feature map obtained in the last layer of Resnet101 to generate a fixed size proposal feature map using ROIPooling, and prepare for the following full connection operation target classification and location regression. After that, softmax was used for object classification. In addition, the smooth L1 loss was adopted to complete the bounding box (bbox) regression operation and obtain the exact position of the object. The loss function is as follows:
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where Lcls is the Softmax Loss, [image: image] defined in Formula (3) and λ =10.

We trained the Faster R-CNN model with a specific configuration. The general idea is to use mini-batch gradient descent. The batch size was set to 16, and the input image size was adjusted to 800 × 600, considering the limited graphics processing unit (GPU) memory. The initial learning rate was 0.0005 and attenuated to 0.00005 during 20 epochs using the cosine annealing algorithm (Loshchilov and Hutter, 2016). Considering the relatively small proportion of stomata in the image, we set the anchor scale to 4, 8, 16, and anchor ratios to 0.5, 1, and 2. The loss weight of the RPN class, RPN bbox, Faster R-CNN class, and Faster R-CNN bbox were the same. Details of other parameters can be obtained from the literature (Ren et al., 2015). The backbone of the Faster R-CNN was initialized by the ResNet101 pretrained model of ImageNet (Deng et al., 2009), and the other parts were initialized randomly by a normal distribution.



Epidermal Cell Segmentation by U-Net

We applied the U-Net, a semantic segmentation network specially designed for biomedical images (Ronneberger et al., 2015), for segmenting leaf epidermal cells. Since semantic segmentation belongs to the classification of each pixel, it is very sensitive to light. To better extract, the cellular network, each channel of the training image was standardized before training using formula (4). The resolution of the image was adjusted to 512 × 512 for training the U-Net model, which is a compromise between obtaining as many image details as possible and GPU memory limit.
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where μ is the mean value of all image pixels in the dataset, I is an image matrix, σ is the SD of all image pixels in the dataset, and N is the number of pixels in I, Î is the standardized image matrix.

Parameters for the training model were as follows: the initial learning rate was 0.0001 (Smith, 2017); it was decayed to 0.00001 by the cosine annealing algorithm (Loshchilov and Hutter, 2016) during 200 epochs; the batch size was set as 8. Kaiming initialization method (He et al., 2015) was used for the initialization of the weights. The loss function was binary cross-entropy, as shown in Formula (5).
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Stomatal Index Measurement

Both the Faster R-CNN-based stomata detection algorithm and U-Net-based epidermal cell segmentation algorithm did not export the number of stomata and epidermal cells. Before measuring the stomatal index in each microscopic image, we need to count stomata and epidermal cells. The stomata detection model returned a series of five-dimensional vectors for each microscope image, given by {score, xmin, ymin, xmax, ymax}. The score in the vector represents the confidence of each bbox, and the following four parameters represent the position of the bbox on the image. To avoid counting low-probability stomata within the noise, the bbox with a score >0.9 was counted as a stoma.

Epidermal cell segmentation by U-Net generated a corresponding cell network image for each leaf microscopic image. We regarded each connected domain as an epidermal cell and counted the number of connected domains in each image as the epidermal cell number. Before counting, bilateral filtering (Tomasi and Manduchi, 1998) was used to remove noise from the prediction, binarization, and morphological opening operations (first erosion and then dilation) were performed to connect breaks of some cell walls. The incomplete connected domains were filtered out if their pixel numbers were <1/10 of the average pixel number of all connected domains in the image. In the end, the stomatal index of each microscopic image was calculated as the ratio of stomata number to the total number of stomata and epidermal cells, as shown in the Formula (1).



Performance Evaluations

We evaluated the performance of the stomata detection algorithm using average precision (AP), which is defined as the area under an interpolated precision-recall curve. The AP was computed as follows:
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where precision is [image: image] and recall is [image: image]. NTP is the true positive, NTN is the true negative, NFP is the false positive, and NFN is the false negative.

The performance of the epidermal cell segmentation algorithm was assessed using the Dice Coefficient (DC) (Formula 7), which compares the overlap rate of segmentation results of the models with the manual annotation.
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where NTP, NFP, and NFN represent the true positives, false positives, and false negatives of pixel numbers, respectively.

As shown in Formula 8, counting accuracy was defined to evaluate the stomata and epidermal cell counting pipeline performance. We assumed the manual counts by experts containing true positives and the automatic counts by the image analysis pipeline containing true positives and false positives. Therefore, counting error could be obtained by subtracting the automatic results from the manual results, and the counting accuracies for stomata and epidermal cells were defined as:
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To detect the overcounting and undercounting errors, we defined counting precision as:

[image: image]

The negative values of counting precision indicated the overcounting errors, and the positive values indicated undercounting errors. The counting precision was undefined when the manual count or the automatic count is zero. Simple linear regression was also applied to explore the relationship between manual and automated counting of stomata and epidermal cells.

To explore the accuracy and precision of stomatal index measurement, we calculated the stomatal index using the manual results of stomata and epidermal cells and their automatic results. Equations were defined as:
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We assessed the measurement speed of the stomatal index on the central processing unit (CPU) and GPU (1080Ti) by calculating the average running time (ART) for each image. The measurement time of the stomatal index is equal to the sum of stomata counting time and cell counting time.
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where N represents the number of images, TN_stoma, TN_cell, and TN_SI represent the total running time for counting stomata and cells and stomatal index formula calculation for N images, respectively.




Statistical Analysis

R version 3.6 (R Core Team, 2020) was used to perform simple linear regressions (y = x) for assessing the linear relationship between manual counting by experts and automatic counting by the proposed pipeline. The equations of coefficient of determination (R2) and root mean square error (RMSE) for the simple linear regression are as follows:
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where N represents the total number of measurements; xi is the manual counting; yi is the automatic counting, and ȳ is the mean.



Code and Data Availability

The detection and segmentation models were all developed using the PyTorch software library (Facebook Artificial Intelligence Research Institute, FAIR), which is an open-source Python deep learning library. The code is fully open-source for academic usage and can be downloaded at https://github.com/WeizhenLiuBioinform/stomatal_index. The wheat dataset is available for downloading at https://github.com/WeizhenLiuBioinform/stomatal_index/releases/download/wheat1.0/wheat_dataset.zip.




RESULTS AND DISCUSSION

The hardware for training the proposed stomatal index measurement pipeline is a GPU server equipped with an Intel Xeon(R) E5-2650 CPU and four GeForce GTX 1080Ti GPUs with 11G memory, but only two of the four GPUs were used. The pipeline was implemented using the PyTorch framework running on the CentOS 7.7 operating system.


Stomata Detection

The Faster R-CNN-based stomata detection model was set up with the initial learning rate of 0.0005 and the batch size of 16. It was trained over 20 epochs. To evaluate the stability and reliability of the model, we conducted five-fold cross-validation that shifted the training and test sets for each fold. The 1,000 microscopic images of leaf epidermis were randomly divided into five mutually exclusive subsets. One subset was used as the validation set (200 images), and the other four were used as the training set (800 images). Offline data augmentation was performed to expand each subset by applying rotations of 45, 90, and 135°, respectively, to each image and keeping the original images. By these geometric transformations, 4,000 images were obtained that can be used to enhance the robustness of the model to different stomata angles.

The stomata detection results of the proposed model were quite satisfactory, which achieved a mean validation AP of 0.997 across the five-fold cross-validation with an SD = 0.000521. The evolutionary curves of the AP and loss over 20 epochs are shown in Figure 4. An “epoch” was defined as the process of training the model once using all of the images in the training set. In this study, we took the prediction bbox with the intersection over union (IoU) of ground truth >0.6 as the true positive. The curves showed a good learning ability since the loss of training sets decreased rapidly in the first two epochs and reached a small value of 0.12 after five epochs. The AP of validation sets rose rapidly that reached 0.975 after the first epoch. It had satisfactory convergence after 10 epochs until finally reaching its optimal prediction performance. The fast convergence is also due to adopting the ResNet101 pretraining weight on ImageNet to initialize the feature extraction network. All the AP curves of the five-fold cross-validation were close to each other with small fluctuations before the first 10 epochs, illustrating the high stability and reliability of the model for stomata detection.


[image: Figure 4]
FIGURE 4. The evolutionary curves of loss of training sets and average precision (AP) of validation sets of the Faster R-CNN-based model across 20 epochs from five-fold cross-validation. Bold lines represent the mean of loss (blue) and AP (red), and the translucent bands represent the range of loss and AP across five-fold.


An example of the stomata detection result conducted was present in Figure 5. The Faster R-CNN-based model generated 112 proposal bboxes (Figure 5A). After applying the filtration with a confidence threshold value of 0.9, all 32 stomata on the leaf epidermal image were accurately detected (Figure 5B).


[image: Figure 5]
FIGURE 5. Output images of stomata detection results by the Faster R-CNN-based model at ×10 magnification. (A) Original detection result with all proposal bboxes (112 bboxes), and the number on the bbox represents its detection score. (B) Detection result after filtering (32 stomata).




Epidermal Cell Segmentation

The UNet-based epidermal cell segmentation model was set up with a batch size of 8 and an initial learning rate of 0.0001. Unlike the Faster R-CNN-based stomata detection model, it was trained over 200 epochs, since it decayed to 0.00001 by the cosine annealing algorithm until 200 epochs. We also performed the five-fold cross-validation using the same 1,000 microscopic images as stomata detection. Online augmentation was used to enlarge the image dataset. This augmentation focuses on “batches,” which refers to various transformations of images during training to increase the diversity of image samples. The number of iterations can be increased to ensure that the number of images for training increases. In this study, in each batch, before the data being fed into U-Net, online data augmentation was performed to transform images and the corresponding ground truths by applying affine transformation with a probability of 0.2 and rotating 90° with a probability of 0.5.

The epidermal cell segmentation of the proposed model achieved the mean DC of 0.978 with SD = 0.00121 across the five-fold cross-validation that demonstrates segmentation performances of the models which are reliable and stable. As shown in Figure 6, the U-Net model started to converge after 100 epochs. Although the loss of the training sets fluctuated, the DC stabilized above 0.97 after 150 epochs and finally reached its optimal performance over 200 epochs. During the whole convergence, the DC fluctuated upward, while the loss continued in a fluctuational decline, indicating that the models were continuously learning rather than being trapped in a local optimal.


[image: Figure 6]
FIGURE 6. Training loss and validation dice coefficient (DC) of U-Net-based model over 200 epochs from five-fold cross-validation. Bold lines represent the mean of loss (blue) and DC (red), and the translucent bands represent the range of loss and DC across five-fold.


For epidermal cell segmentation, the U-Net-based model predicted the epidermal cell network (Figure 7). Comparing to the ground truth (Figure 7A), the predicted cell network (Figure 7B) had several breakpoints in some cell walls, which affected the cell counting accuracy because the connected domain method was used for counting. To connect these breakpoints, a series of image-processing techniques were utilized, including bilateral filtering, binarization, and morphological opening operation (Figures 7C,D). Considering the incomplete cells present in the image, before cell counting, the small connected domains were filtered out whose areas were <1/10 of the mean area of connected domains. In Figures 7E,F, after this area filtering, 39 connected domains remained as the epidermal cells, while six small connected domains at the edge (filled with red) were not counted.


[image: Figure 7]
FIGURE 7. Example images of epidermal cell segmentation by the U-Net-based model and morphological post-processing on a 20× magnified microscope image of the wheat leaf. (A) Ground truth. (B) Epidermal cell network predicted by U-Net. (C) Bilateral filtering and binarization; Red circles highlighted the breakpoints in the cell network. (D) Morphological opening operation; red circles highlighted connected breakpoints in the cell network after the morphological opening operation. (E) Connected domains with different colors (45 connected domains). (F) Epidermal cell counting after area filtering (39 epidermal cells). The six small connected domains that were filtered out were marked with red color.




Performance Evaluations of Stomatal Index Measurement
 
Accuracy and Precision

We counted the number of stomata and epidermal cells for all the microscopic images over the five-fold cross-validation using the proposed Faster-RCNN and U-Net-based models, respectively. For each fold, their counting accuracies were estimated and summarized in Table 1. Both models had good counting accuracy, ranging from 97.577 to 98.451% for stomata and 94.584 to 95.330% for epidermal cells. The epidermal cell model had slightly lower counting accuracy than the stomata model. This result was easily understood because morphological features of epidermal cells were less distinct from the background than stomata, making accurately count the numbers of epidermal cells more challenging. Since the high-counting accuracies and precisions of stomata and epidermal cells, as expected, the stomatal index, which is the ratio of stomata number over the total numbers of stomata and epidermal cells, also achieved a high accuracy of 95.35%.


Table 1. The counting accuracies of stomata and epidermal cells over 5-fold cross-validation.
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To further evaluate the differences between results of automatic counting by the proposed pipeline and ground truths, the numbers of stomata and epidermal cells were counted manually for all the 1,000 microscopic images in the dataset. Regression analysis was performed between the manual and automatic counting (Figure 8). R2 for stomata, epidermal cells, and stomatal indices were 0.995, 0.983, and 0.895, respectively, and the RMSE values were 0.821, 6.460, and 1.099, respectively. These results verified strong correlations between manual and automatic counting results. Counting and measurement precisions were also estimated to detect the overcounting (negative values) and undercounting (positive values) errors. As the distributions shown in Table 2, the means of counting precisions for stomata and epidermal cells, and stomatal index were very close to 0 (−0.009, 0.019, and −0.016, respectively) with SD = 0.024, 0.027, and 0.023, respectively. Overall, automatic counting results in most of the microscopic images were identical to manual counting results, illustrating the high precision of the proposed pipeline. To be more specific, the Faster R-CNN-based stomata counting algorithm was a little bit more likely to overcounting, while the U-Net-based epidermal cell counting algorithm was more likely to undercounting. The stomatal index using the proposed pipeline was prone to be slightly overestimated.


[image: Figure 8]
FIGURE 8. Simple linear regression between the manual and automatic measurement. (A) Stomata. (B) Epidermal cell. (C) Stomatal index.



Table 2. The precisions of stomata and epidermal cell counting and stomatal index measurement in 1,000 microscopical images of the wheat dataset.
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Average Running Time

We estimated the speed of the proposed automatic analysis pipeline for stomatal index measurement using the 1,080 Ti GPU and CPU. The ART of the pipeline mainly came from the counting time for stomata and epidermal cells and the calculation time of the stomatal index (Formula 1). From inputting the microscopic image to outputting the stomatal index value, the ART per image was only 0.32 s using the GPU via the matrix acceleration calculation but 7.49 s on the CPU. Specifically, the ART for the stomata counting was 0.15 and 5.96 s using GPU and CPU, respectively. As the ART for the stomata counting part was comprised by the time of inference of Faster R-CNN-based stomata detection model and non-maximum suppression (NMS) of bboxes, the large difference of ART using GPU and CPU came mainly from the NMS process. For the epidermal cell counting, the ART, including the time of inference of the cell segmentation model and the morphological postprocessing time, was 0.17 and 1.53 s using the GPU and CPU, respectively. The speed difference came from the inference of the U-Net-based-segmentation model running on the different hardware because the post-processing procedures could only be run on the CPU. Overall, the proposed automatic pipeline for stomatal index measurement had an excellent running efficiency.



Stomatal Index Values at Different Magnifications

Using the proposed pipeline, we explored the measurement results of stomata number, epidermal cell number, and stomatal index of wheat leaf epidermal at ×10 and ×20 magnifications (Table 3). A total of 50 brand new images that were not used to train the pipeline at ×10 magnification were selected and used to generate 50 images at ×20 magnification by cropping and reshaping. The mean numbers of stomata and epidermal cells at ×10 magnification were 27.16 and 133.82, which were more than four times compared with those at ×20 magnification. More importantly, the means of the stomatal indices at ×10 and ×20 magnifications were 16.76 and 13.70, which were significantly different from each other (pairwise T-test: t = 5.752, df = 49, and P = 5.623E-7). The same trend was also observed in the 1,000 images (500 images at ×10 and ×20 magnifications, respectively) previously used for training the pipeline (Supplementary Table 3). This systematic difference hints that the larger field of view, the higher the stomatal index value from the same leaf. When comparing values of the stomatal index among different samples or genotypes, we should make sure they are at the same magnification.


Table 3. Summary of average numbers of stomata and epidermal cells and the stomatal index trait in 50 epidermis images at × 10 and × 20 magnifications, respectively.
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Comparison Between Stomatal Index and Stomatal Density

The stomatal index and stomatal density of two wheat varieties were assessed (Gharflor-1611 and Ningmai9) using the proposed pipeline. Stomatal density was defined as the number of stomata divided by the area of the field of view. Five micrographics at ×10 magnification were sampled for each variety, and the field of view of each image is 1.428 mm2. As expected, a smaller coefficient of variation was obtained for the stomatal index than the stomatal density in two wheat cultivars (Table 4). It illustrates that the stomatal indices were more constant than stomatal densities within a cultivar. Moreover, Pearson's correlation coefficients between stomatal density and stomatal index were high, which are 0.878 and 0.926 for Gharflor-1611 and Ningmai9, respectively.


Table 4. Summary of the stomatal index and stomatal density characters of two wheat varieties.
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Applications on Other Plant Families

How well the proposed pipeline can be applied to other plant families is an interesting point worth studying. The cuticle dataset with 156 micrographs collected from 31 plant families (Supplementary Table 2) was used. Considering the morphological differences of stomata and epidermal cells between the wheat (Figure 1) and the cuticle dataset (Supplementary Figure 1), transfer learning was employed that the Faster RCNN and U-Net were initialized using the model parameters in the wheat dataset and all parts of the models were then finetuned by the training set of the cuticle dataset. In this way, an excellent model can be trained using a small amount of data (Zhuang et al., 2020). To avoid the possible overfitting of the model parameters to the wheat dataset, the intermediate checkpoints were selected (the 10th epoch of Faster RCNN and the 100th epoch of U-Net) in the training process of the wheat dataset as the pretraining model and finetuned the model with a smaller initial learning rate (0.0001 for Faster RCNN and 0.00005 for U-Net). A total of 105 images in the cuticle dataset were used as the training set and 51 images as the testing set (Supplementary Table 2). After 20 epochs for Faster RCNN and 100 epochs for U-Net, the models reached convergences.

The finetuned pipeline achieved good counting accuracies and precisions for stomata and epidermal cells on the testing set derived from seven plant families (Table 5 and Figure 9). The average counting accuracies of all families were 94.355% for stomata and 91.127% for epidermal cells, and the stomatal index accuracy reached 89.384%. The counting precisions for stomata, epidermal cells, and stomatal index were very close to 0 (0.006, −0.02, and 0.023, respectively). In five of seven families, the Faster RCNN-based stomata counting model achieved better performance than the U-Net-based epidermal cell counting model. The same situation was observed in the wheat dataset. In the Araceae family, all the stomata were accurately predicted, and the counting accuracy of epidermal cells reached 93.895%. Therefore, the stomatal index accuracy (94.63%) was the highest in all the families. The Euphorbiaceae family obtained the lowest counting accuracy of the stomatal index (82.68%) due to the relatively low-counting accuracy of epidermal cells.


Table 5. Summary of performance evaluations of the proposed pipeline on the cuticle dataset.

[image: Table 5]


[image: Figure 9]
FIGURE 9. Example images of seven plant families in the testing set of cuticle dataset using stomata detection and epidermal cell segmentation algorithms.


Regression analysis on the cuticle test set was performed between the manual and automatic counting (Table 5 and Supplementary Figure 2). R2 for stomata, epidermal cells, and the stomatal index was 0.976, 0.967, and 0.841, respectively, and the RMSE values were 1.627, 15.17, and 1.704, respectively, indicating that the proposed pipeline also showed excellent performances in many other species besides wheat.




CONCLUSIONS AND FUTURE WORK

In this study, an automatic deep learning-based method was proposed for measuring stomatal index, taking microscope images of wheat leaves as the input. The proposed method consisted of three parts that were the Faster R-CNN target detection algorithm for detecting and counting the stomata; the U-Net semantic segmentation network for extracting the epidermal cell network and measuring the number of connected domains as the number of epidermal cells; and subsequently calculated stomatal index of each image using the previous counting results. Satisfactory accuracies were obtained for stomata detection and counting, cell segmentation and counting, and stomatal index measurements. High correlations were observed between manual and automatic methods. In addition, the proposed image analysis pipeline was quite fast. Using the GPU (1080Ti), it took only 0.32 s to estimate the stomatal index of an image. It should be noticed that a possible difference in the stomatal index could be identified from the same leaf at different magnifications. If using this trait as a diagnostic characteristic for a given genotype or species, magnification of the microscopic images should be taken into consideration. The wheat stomatal index assessment model also exhibited a promising transferability on the other plant species. Using a small number of images to finetune the model, it achieved good accuracies and precisions on seven plant families.

The proposed pipeline regarded stomata and epidermal cell counting as two independent tasks and trained their neural networks separately. In reality, they are related to each other. Multitask deep neural network, as a subfield of machine learning, solves multiple tasks simultaneously by taking advantage of the sharing representations between related tasks. It was utilized successfully across many applications in computer vision (Zhang et al., 2014; Li et al., 2016). In the future, we can attempt the multitask deep neural network to improve the performance of the proposed stomatal index measurement pipeline. The hidden layers of the stomatal detection and epidermal cell segmentation networks can be soft- or hard-shared to obtain an end-to-end model for stomatal index estimation, possibly achieving a better generalization ability and a faster analysis speed.
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Stomata in the epidermis of plants play essential roles in the regulation of photosynthesis and transpiration. Stomata open in response to blue light (BL) by phosphorylation-dependent activation of the plasma membrane (PM) H+-ATPase in guard cells. Under water stress, the plant hormone abscisic acid (ABA) promotes stomatal closure via the ABA-signaling pathway to reduce water loss. We established a chemical screening method to identify compounds that affect stomatal movements in Commelina benghalensis. We performed chemical screening using a protease inhibitor (PI) library of 130 inhibitors to identify inhibitors of stomatal movement. We discovered 17 PIs that inhibited light-induced stomatal opening by more than 50%. Further analysis of the top three inhibitors (PI1, PI2, and PI3; inhibitors of ubiquitin-specific protease 1, membrane type-1 matrix metalloproteinase, and matrix metalloproteinase-2, respectively) revealed that these inhibitors suppressed BL-induced phosphorylation of the PM H+-ATPase but had no effect on the activity of phototropins or ABA-dependent responses. The results suggest that these PIs suppress BL-induced stomatal opening at least in part by inhibiting PM H+-ATPase activity but not the ABA-signaling pathway. The targets of PI1, PI2, and PI3 were predicted by bioinformatics analyses, which provided insight into factors involved in BL-induced stomatal opening.

Keywords: stomata, chemical biology, protease inhibitor, Commelina, Arabidopsis


INTRODUCTION

Stomata, each surrounded by a pair of guard cells, are specialized pores on the surface of leaves. Stomatal pores enable plants to regulate CO2 uptake and water loss for photosynthesis and transpiration, respectively (Shimazaki et al., 2007). Stomata are also important routes of infection for plant pathogens (Ye and Murata, 2016; Melotto et al., 2017). Stomatal movements are controlled by diverse stimuli, such as blue light (BL), red light (RL), the phytotoxin fusicoccin (FC), CO2, the plant hormone abscisic acid (ABA), and microbial elicitors (Munemasa et al., 2015; Inoue and Kinoshita, 2017; Ye et al., 2020). BL receptor phototropins activate PM H+-ATPase by phosphorylating the C-terminal Thr (Kinoshita and Shimazaki, 1999; Kinoshita et al., 2001). Activated PM H+-ATPase generates a transmembrane electrochemical gradient and establishes an inside-negative electrical potential that drives the influx of K+ into guard cells through inward-rectifying voltage-gated K+ channels (Schroeder et al., 1987). The accumulation of K+ leads to turgor elevation and stomatal opening (Schroeder et al., 2001; Shimazaki et al., 2007). Several signaling mediators are reported to be involved in the signaling pathway of BL-induced stomatal opening. Protein kinase BLUE LIGHT SIGNALING1 (BLUS1) is phosphorylated by phot1 directly as the primary step in phototropin signaling (Takemiya et al., 2013). The Raf-like protein kinase BLUE LIGHT-DEPENDENT H+-ATPASE PHOSPHORYLATION (BHP) binds to BLUS1 and regulates BL-dependent phosphorylation of PM H+-ATPase (Hayashi et al., 2017). Type 1 protein phosphatase (PP1) positively mediates BL signaling between phototropin and PM H+-ATPase (Takemiya et al., 2006). However, the molecular mechanism of signal transduction for BL-induced stomatal opening is incompletely understood (Inoue and Kinoshita, 2017).

The phytohormone ABA is synthesized under drought-stress conditions and reduces stomatal aperture by two mechanisms. ABA promotes stomatal closure by activating outward-rectifying K+ channels and anion channels (Kim et al., 2010; Inoue and Kinoshita, 2017; Saito and Uozumi, 2019). In parallel, ABA inhibits light-induced stomatal opening by inhibiting PM H+-ATPase and inward-rectifying K+ channels in the PM of guard cells. The ABA receptors, PYR/PYL/RCARs, negatively regulate type-2C protein phosphatases (PP2Cs), which inactivate members of the SRK2/SnRK2 family, including open stomata 1 (OST1) (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009; Cutler et al., 2010). Activation of K+out channels requires depolarization of the PM by activation of anion channels meditated by the PYR/PYL/RCAR-PP2Cs-SnRK2s pathway (Negi et al., 2008; Vahisalu et al., 2008; Kim et al., 2010; Joshi-Saha et al., 2011). SnRK2s suppress BL-induced phosphorylation of PM H+-ATPase and the activity of inward-rectifying K+ channels, inhibiting stomatal opening (Sato et al., 2009; Hayashi et al., 2011; Acharya et al., 2013).

Chemical genetics can provide insight into biological systems at the molecular level. It can overcome the problems of traditional genetic approaches, such as gene essentiality and redundancy in gene families (Dejonghe and Russinova, 2017). Chemical screenings related to stomatal movements and development revealed several aspects of stomatal function and development (Kinoshita et al., 2021). Toh et al. (2018) established a comprehensive chemical screening method using Commelina benghalensis as a model plant and identified nine stomatal closing compounds (SCL1–SCL9) that suppress light-induced stomatal opening by >50%, and two compounds (temsirolimus and CP-100356) that induce stomatal opening in the dark. This indicates the feasibility of chemical approaches for analyzing stomatal movements. Notably, BHP, a factor involved in BL-induced stomatal opening, was identified by a combination of chemical screening focused on BL-induced phosphorylation of PM H+-ATPase in guard cells and reverse genetics in Arabidopsis thaliana (Hayashi et al., 2017). In this study, we performed chemical genetics screening of a protease inhibitor (PI) library and identified three inhibitors of light-induced stomatal opening and BL-induced phosphorylation of PM H+-ATPase in guard cells. Interestingly, spraying leaves onto monocot and dicot plants with PI1 suppressed wilting of leaves, indicating that inhibition of stomatal opening by PI1 decreases water loss in plants. To our knowledge, screening of PIs that affect stomatal movements has not been reported. We also investigated the molecular mechanisms of these inhibitors and laid the foundation for the identification of novel factors in the BL-signaling pathway.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Plants of Commelina benghalensis ssp. were cultured in soil at 25 ± 3°C in a greenhouse for 4 weeks. Arabidopsis thaliana (ecotype Col-0) plants were grown in soil for 4–6 weeks under controlled conditions (20–24°C, 55–70% humidity, 16 h light/8 h dark) in growth chambers. Seeds were vernalized at 4°C in the dark for 2 days before being transferred to soil. Oat (Avena sativa) seedlings were grown in growth chambers with same conditions of Arabidopsis for 10 days.



Chemicals

A protease inhibitor (PI) library (130 PIs dissolved in DMSO at 10 mM) was purchased from APExBIO Company. Repurchased chemicals were SJB3-019A (CAS No. 2070015-29-9, >99.00% purity, Medchem Express), NSC 405020 (CAS No. 7497-07-6, >99.07% purity, Sellek Chemicals), SB-3CT (CAS No. 292605-14-2, >98.00% purity, TCI). All chemicals were stored at −20°C.



Chemical Screening

Screening of chemicals was performed as described previously (Toh et al., 2018) with some modifications. Four-week-old C. benghalensis plants were transferred from a greenhouse to a dark room for incubation overnight to ensure complete stomatal closure on day 2. Leaf discs of 4 mm diameter were excised from dark-adapted C. benghalensis using a hole punch under dim light. The leaf discs were floated on basal reaction buffer [5 mM MES-BTP (Bis-trispropane), pH 6.5, 50 mM KCl and 0.1 mM CaCl2] with chemical compounds and incubated in light (150 μmol m–2 s–1 red light and 50 μmol m–2 s–1 BL) or in the dark for 3 h. Leaf discs were incubated with compounds for 30 min before light exposure. Stomatal apertures of the abaxial epidermis were measured as described previously (Toda et al., 2018). Inhibition by PI1, PI2, and PI3 of stomatal opening was identified. To assay viability, abaxial epidermis was removed from leaf discs using forceps after chemical and light treatments and incubated in fresh basal reaction buffer containing 1 μg/mL fluorescein diacetate (FDA) for 30 min in the dark. Epidermis was washed three times with Milli-Q water to remove FDA. Fluorescence microscopy was used to detect fluorescence.



Immunohistochemical Analysis

Phosphorylation of PM H+-ATPase was determined by immunohistochemical analysis following previous methods using ImageJ (Hayashi et al., 2011; Ando and Kinoshita, 2018).



Detection of Phototropin Autophosphorylation

Leaf discs excised from dark-adapted 5-week-old Arabidopsis were incubated in basal reaction buffer with PIs (100 μM) or an equal volume of DMSO in the dark for 1 h in advance. Leaf discs were irradiated with BL (50 μmol m–2 s–1) or kept in the dark for 1 h. Immunoblot analysis was performed as described previously (Kinoshita et al., 2003; Inoue et al., 2008). Proteins were separated by 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The primary and secondary antibodies were anti-phot1 (Emi et al., 2005; Inoue et al., 2008) and anti-rabbit IgG HRP (Bio-Rad, CA) respectively.



Quantification of ABA-Dependent Gene Expression and Germination Assay

We determined the expression of the ABA-maker genes RAB18 (At5g66400) and RD29B (At5g52300) by quantitative RT-PCR in Arabidopsis (Tomiyama et al., 2014). Two-week-old seedlings cultured in solid 1/2 MS medium were transferred to liquid 1/2 MS medium containing 50 μM ABA or 100 μM PIs or an equal volume of DMSO and irradiated with white fluorescent light for 3 h at 24°C. Total RNA was isolated from seedlings and first-strand cDNA was synthesized using the Prime Script II First Strand cDNA Synthesis Kits (TaKaRa, Tokyo, Japan). Quantitative RT-PCR was performed using Power SYBR Green PCR Master Mix and the Step One Real-Time PCR System (Applied Biosystems, Foster City, CA). RAB18, RD29B, and TUB2 cDNAs were amplified using specific primers (Supplementary Table 1).

Arabidopsis seeds were incubated in MQ water containing 50 μM ABA or 100 μM PIs or an equal volume of DMSO in 96-well plates sealed with surgical tapes. The space between wells was filled with water. The plates were kept at 4°C in darkness for 2 days and transferred to an illumination incubator at 24°C with a 16 h light/8 h dark cycle for 7 days.



Chemical Spraying for Drought Tolerance Assay

Drought tolerance assays were performed as described previously (Toh et al., 2018) with slight modifications. Rose bouquets purchased from a local shop were cultured in a light incubator for 2 days for environmental adaption. Rose leaves and 10-day-old oat seedlings were sprayed with 100 μM PIs or an equal volume of DMSO in 0.05% Approach BI (Maruwa Biochemical) and 0.02% Silwet L77 (Biomedical Science) under white light (50 μmol m–2 s–1) and 70% humidity for 3 h at 24°C. Rose and oat leaves were removed and illuminated with 50 μmol m–2 s–1 white light for 8 h and 30 min, respectively, at 27°C with 40% humidity.




RESULTS


Chemical Screening for Stomatal Movement

We evaluated the ability of 130 PIs on stomatal movements (Supplementary Figure 1). C. benghalensis is useful for determination of stomatal aperture due to its larger stomata compared to A. thaliana. Seventeen inhibitors suppressed light-induced stomatal opening by >50% compared to the control (Supplementary Figure 2). No PI induced stomatal opening in the dark (Supplementary Figure 3). Staining with the fluorescent dye FDA showed that none of the PIs affected cell viability (Supplementary Figure 4).

Figure 1A shows inhibition of light-induced stomatal opening by 17 chemicals selected through screenings. These inhibitors were designated PI1–PI17 and their structures are shown in Figure 1C. The targets of PIs in mammals are shown in Supplementary Table 2. The fungal phytotoxin FC leads to irreversible stomatal opening in the dark by binding of 14-3-3 protein to phosphorylated PM H+-ATPase, preventing dephosphorylation of PM H+-ATPase (Kinoshita and Shimazaki, 2001). To investigate whether the 17 PIs function upstream or downstream of PM H+-ATPase activation, we examined their effects on FC-induced stomatal opening (Figure 1B). PI4, PI5 and PI11 did not inhibit FC-induced stomatal opening, indicating that they may have effects upstream of PM H+-ATPase. The other PIs significantly inhibited stomatal opening induced by FC to varying degrees, suggesting that they regulate downstream of PM H+-ATPase, but not the BHP or PP1, or inhibit PM H+-ATPase phosphorylation.
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FIGURE 1. Inhibition of light- and FC-induced stomatal opening by proteinase inhibitors (PIs). (A) Inhibition by PIs of light-induced stomatal opening. Leaf discs were pre-treated with compounds for 30 min in the dark and illuminated with light (150 μmol m–2 s–1 red light and 50 μmol m–2 s–1 BL) for 3 h. ABA, 10 μM; PIs, 100 μM. Means ± SE (n = 5, 30 stomata per 2 leaf discs per repeat). Student’s t-test, *P < 0.01. (B) Suppression by PIs of FC-induced stomatal opening. Leaf discs were incubated with PIs in basal buffer for 30 min, FC was added, and incubated for 3 h in the dark. PIs, 100 μM; FC, 10 μM. Means ± SE (n = 4, >50 stomata from 3 leaf discs per repeat). Student’s t-test, *P < 0.05, **P < 0.01. (C) Chemical structures of PIs.


Next, we examined the concentration-dependency of the top three inhibitors (PI1, an inhibitor of ubiquitin-specific protease 1; PI2 and PI3, inhibitors of membrane type-1 matrix metalloproteinase and matrix metalloproteinase-2, respectively) for light-induced stomatal opening (Figure 2). Leaf discs were treated with the indicated compounds and exposed to light for 3 h. The 50% inhibitory concentration (IC50) values of PI1, PI2, and PI3 were 12.28, 35.08, and 33.41 μM, respectively, indicating that PI1 inhibited light-induced stomatal opening more efficiently than PI2 and PI3 at low concentrations. The IC50 value of ABA was 2.903 μM.


[image: image]

FIGURE 2. IC50 curves of ABA, PI1, PI2, and PI3 for light-induced stomatal opening. The concentrations used to obtain IC50 curves were 0.001, 0.01, 0.1, 1, 10, and 20 μM for ABA and 0.01, 0.1, 1, 10, 25, 50, and 100 μM for PIs. IC50 values were computed by GraphPad Prism (n = 6, 30 stomata from 3 leaf discs per concentration).




Effects of PI1, PI2, and PI3 on Phosphorylation of PM H+-ATPase and Phototropin

To investigate whether PI1, PI2, and PI3 influence BL-dependent phosphorylation of PM H+-ATPase, we performed immunohistochemical analysis of guard cells using epidermis isolated from Arabidopsis thaliana (Hayashi et al., 2011). BL-induced phosphorylation was suppressed completely by these three PIs (Figure 3A). We next determined the inhibitory effects of PI1, PI2, and PI3 on FC-induced phosphorylation of the PM H+-ATPase. FC-induced phosphorylation was significantly inhibited by PI1, and partially by PI2 and PI3 (Figure 3B). The different inhibitory effects of these inhibitors are consistent with their IC50 values for light-induced stomatal opening (Figure 2).
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FIGURE 3. Effects of PIs on phosphorylation of PM H+-ATPase in guard cells and phototropin. (A) Inhibition by PIs of BL-dependent H+-ATPase phosphorylation in guard cells of Arabidopsis. Leaf epidermis was pre-treated with compounds for 20 min in the dark and illuminated with 50 μmol m–2 s–1 red light for 20 min (DMSO R), after which 10 μmol m–2 s–1 BL was superimposed on the red light for 2.5 min (DMSO B, PI1, PI2, PI3). PIs, 100 μM. Means ± SE (n = 3). Student’s t-test, *P < 0.01. (B) Suppression by PIs of FC-induced phosphorylation of PM H+-ATPase. Leaf epidermis from Arabidopsis was incubated with DMSO or PIs in basal buffer for 30 min in the dark, FC was added, and incubated for 30 min under red light (50 μmol m–2 s–1). PIs, 100 μM; FC, 10 μM. Means ± SE (n = 3). Student’s t-test, *P < 0.01. Phosphorylation of PM H+-ATPase was detected using an anti-pThr (phosphorylated threonine, the penultimate residue of the PM H+-ATPase) primary antibody and Alexa 488 conjugated anti-rabbit IgG secondary antibody in panels (A,B). (C) Effects of PI1, PI2, and PI3 on BL-induced phot1 autophosphorylation in Arabidopsis detected by mobility shift assay. Dk, leaf discs from Arabidopsis treated with DMSO or PIs and incubated in the dark for 2 h. BL, leaf discs treated with DMSO or PIs, incubated in the dark for 1 h and transferred to BL (50 μmol m–2 s–1) for 1 h. PIs, 100 μM. Phot1 protein was detected using an anti-phot1 antibody. Experiments were repeated on three different occasions with similar results.


Next, we determined whether PI1, PI2, and PI3 inhibit the kinase activity of phototropin. Autophosphorylation of phot1 induced by BL in leaves was detected by mobility shift assay using an antibody against phot1 in Western blotting (Emi et al., 2005; Inoue et al., 2008). PI1, PI2, and PI3 did not affect the BL-induced mobility shift of phot1 (Figure 3C), suggesting that PI1, PI2, and PI3 inhibit light-induced stomatal opening without affecting phototropin activity.



Effects of PIs on ABA-Responsive Genes and Germination

To investigate whether PI1, PI2, and PI3 inhibit BL-induced stomatal opening in a manner similar to ABA, we analyzed the expression levels of the ABA-responsive genes, RAB18 and RD29B, by quantitative RT-PCR in Arabidopsis seedlings and germination of Arabidopsis seeds (Toh et al., 2018). Incubation of seedlings with 50 μM ABA for 3 h induced expression of RAB18 and RD29B (Figure 4A). By contrast, PI1, PI2, and PI3 did not induce the expression of ABA-responsive genes (Figure 4A). Moreover, ABA at 50 μM inhibited germination of Arabidopsis seeds (Figure 4B). However, PI1, PI2, and PI3 had no effect on germination (Figure 4B). The results suggest that the mechanisms underlying the inhibitory effects of the PIs and ABA on light-induced stomatal opening are different and that the PIs have more specific roles in regulating stomatal movement.
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FIGURE 4. Effects of PIs on ABA-induced gene expression and seed germination. (A) Expression levels of ABA-responsive genes, RAB18 and RD29B, were determined by qRT-PCR in response to ABA and PIs in Arabidopsis seedlings. TUB2 was used as the internal standard. Two-week-old seedlings were treated with 50 μM ABA or 100 μM PIs or an equal volume of DMSO under white light for 3 h at 24°C. Means ± SE (n = 3; 3 whole seedlings per replicate). Student’s t-test, *P < 0.05. (B) Effects of PIs on Arabidopsis seed germination. Seeds were immersed in water with 50 μM ABA or 100 μM PIs or an equal volume of DMSO in the dark for 2 days for vernalization, and 7 days for germination under light. Means ± SE (n = 4; 20 seeds per replicate).




PI1 Reduces Water Loss in Plants

SCL1, which reportedly induces stomatal closure, prevents wilting of detached oat and rose leaves, which is likely to be by inhibiting light-induced stomatal opening (Toh et al., 2018). We investigated the effect of PI1 on drought resistance using the same method with slight modifications. Oat and rose leaves were sprayed with PI1 at 100 μM and incubated for 3 h, and the leaves were detached. PI1 inhibited leaf withering in oat plants compared with the control (Figure 5A). Rose leaves treated with PI1 wilted slower than that of control (Figure 5B). Therefore, PI1 improves drought resistance in dicot and monocot plants.
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FIGURE 5. Effect of PI1 on leaf wilting. Oat leaves (A) and rose leaves (B). Ten-day-old oat seedlings grown in soil (A) and rose leaves in bouquets (B) were sprayed with 100 μM PI1 or an equal volume of DMSO in 0.05% Approach BI and 0.02% Silwet L77 and incubated under white light (50 μmol m–2 s–1) and 70% relative humidity at 24°C for 3 h. Next, leaves were excised and incubated for 30 min (oat) and 8 h (rose) at 27°C under 50 μmol m–2 s–1 at ∼40% relative humidity. Scale bars = 1 cm. Experiments were repeated on three different occasions with similar results.





DISCUSSION


Effect of PI1 on Light-Induced Stomatal Opening

We screened for compounds that affect light-induced stomatal opening using a commercially available PI library (APExBIO) and identified 17 PIs that significantly suppressed light-induced stomatal opening by >50% (Figure 1A). PI1, which had the greatest inhibitory effect on stomatal opening, inhibited both light- and FC-induced stomatal opening (Figures 1A,B) and both BL- and FC-induced phosphorylation of PM H+-ATPase in guard cells (Figures 3A,B). By contrast, PI1 had no effect on phototropin activity (Figure 3C) and did not induce ABA-dependent responses, such as inhibition of seed germination and expression of ABA-responsive genes (Figure 4). These results suggest that PI1-sensitive proteases mediate phosphorylation of PM H+-ATPase (Figure 6) by positively regulating unidentified kinases that directly phosphorylate PM H+-ATPase or down-regulating protein phosphatases that directly dephosphorylate PM H+-ATPase (Inoue and Kinoshita, 2017). PI2 and PI3 markedly suppressed light-induced stomatal opening (Figure 1A), and partially inhibited FC-induced stomatal opening (Figure 1B) and FC-induced phosphorylation of PM H+-ATPase in guard cells (Figure 3B). Therefore, the targets of PI2 and PI3 are likely to include PM H+-ATPase and downstream components of light-induced stomatal opening (Figure 6).
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FIGURE 6. Proposed model of the inhibitory effects of PI1, PI2, and PI3 on the signaling pathway of BL-dependent stomatal opening. The pathway starts from phototropin, followed by BLUS1, BHP, PP1, a key enzyme PM H+-ATPase and K+in-channel. PI1, PI2, and PI3 inhibited BL-induced phosphorylation of PM H+-ATPase. Arrows indicate positive regulation. Blunt arrows indicate repression.


It is worth noting that PI4, PI5 and PI11 suppressed light-induced stomatal opening and didn’t inhibit FC-induced stomatal opening significantly (Figures 1A, B), suggesting that the targets of these inhibitors are components upstream of BL-signaling pathway, such as phototropins, BLUS1, BHP, and PP1.



Candidate Targets of PI1 in Arabidopsis

In mammalian cells, PI1 is a specific inhibitor of ubiquitin-specific protease 1 (USP1) (Mistry et al., 2013; Das et al., 2017). To predict the target of PI1 in Arabidopsis, we performed a BLAST search (The National Center for Biotechnology Information)1 using the amino acid sequence of USP1 from Homo sapiens and found two ubiquitin specific processing proteases (UBP3 and UBP4) with relatively high identity (around 33%) to USP1 (Supplementary Table 3). The UBP family in Arabidopsis has a similar sequence to human USPs and plays a critical role in de-ubiquitination of proteins (March and Farrona, 2018). In Arabidopsis, the UBP family has 27 members (Supplementary Figure 5A), which are divided into 14 subfamilies based on their domains (Yan et al., 2000; Liu et al., 2008; Zhou et al., 2017). All Arabidopsis UBPs contain a UBP domain, and each subfamily shares other conserved domains that are likely to mediate protein-protein interactions (Liu et al., 2008; Komander et al., 2009; March and Farrona, 2018). To our knowledge, the binding site of USP1 with PI1 is unknown.

We hypothesized that some of the 27 UBPs participate in the stomatal-opening pathway in response to BL. These UBPs may function separately or redundantly and up-regulate the unidentified kinases that directly phosphorylate or down-regulate phosphatases that dephosphorylate the PM H+-ATPase. We also investigated their expression levels in guard cells using Arabidopsis eFP Browser2 (Supplementary Figure 5B). UBP6 and UBP13 exhibited the highest expression levels. Stomatal closure in the mutant of ubp24 was less sensitive to ABA than the WT and the stomata of complemented transgenic plants showed sensitivity to ABA similar to the WT, indicating that UBP24 is involved in ABA-mediated stomatal closure (Zhao et al., 2016). However, PI1 is less likely to modulate the factors in the ABA signaling pathway (Figure 4), so UBP24 may not be the target of PI1.



Presumption of PI2 and PI3 Targets in Arabidopsis

In mammals, the targets of PI2 and PI3 are membrane type-1 matrix metalloproteinase (MT1-MMP/MMP-14) and matrix metalloproteinase-2 (MMP-2), respectively (Kleifeld et al., 2001; Remacle et al., 2012). MMPs are a large family of zinc- and calcium-dependent endopeptidases (Rawlings et al., 2006). In human, MT1-MMP and MMP-2 have a common domain structure that includes a signal peptide, a propeptide, a catalytic domain with the active zinc binding site, a hinge region, and a hemopexin-like domain. MT1-MMP has two domains absent in MMP-2—membrane linker and cytoplasmic domains (Overall and López-Otín, 2002). PI2 directly targets the hemopexin-like domain of MT1-MMP (Remacle et al., 2012). PI3 is an MMP-2 inhibitor that specifically binds the catalytic zinc ion (Kleifeld et al., 2001). In Arabidopsis, five genes named At1-MMP to At5-MMP encode MMPs with common structural features with mammalian MMPs but lacking a hemopexin-like domain (Maidment et al., 1999; Marino and Funk, 2012; Supplementary Figures 6A,B). We evaluated the expression levels of five MMPs in Arabidopsis guard cells using an eFP Browser; the expression of AT5-MMP was highest (Supplementary Figure 6C). The identities of At-MMPs aligned with human MMP-2 are shown in Supplementary Table 3. In soybean, glycine max1-matrix metalloproteinase (GM1-MMP) and glycine max2-matrix metalloproteinase (GM2-MMP) are PM proteins, and the stomatal aperture of transgenic Arabidopsis plants overexpressing GM1-MMP and GM2-MMP was significantly larger than the WT (Liu et al., 2017, 2018), suggesting that GM1-MMP and GM2-MMP regulate stomatal opening. Therefore, AtMMPs are candidate targets of PI3 in Arabidopsis.




CONCLUSION

In conclusion, we identified seventeen PIs that suppress stomatal opening under light and found that among them, PI1, PI2, and PI3 inhibit phosphorylation of penultimate residue, threonine, in guard-cell PM H+-ATPase, which is important for stomatal opening. Our findings will facilitate identification of novel regulators and provide insight into the molecular mechanisms of light-induced stomatal opening. Further investigations of these inhibitors are expected to shed light on the BL- signaling pathway and future development of agrochemicals that control drought tolerance and plant growth. In particular, drought stress severely affects quality and yield of crops. If agrochemicals confer drought tolerance like the compounds identified in this study, it is possible not only to improve the yield of crops but also to cultivate crops in non-farming areas due to a shortage of rainfall.
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There are more than 100 GDSL lipases in Arabidopsis, but only a few members have been functionally investigated. Moreover, no reports have ever given a comprehensive analysis of GDSLs in stomatal biology. Here, we systematically investigated the expression patterns of 19 putative 
Guard-cell-enriched GDSL Lipases (GGLs) at various developmental stages and in response to hormone and abiotic stress treatments. Gene expression analyses showed that these GGLs had diverse expression patterns. Fifteen GGLs were highly expressed in guard cells, with seven preferentially in guard cells. Most GGLs were localized in endoplasmic reticulum, and some were also localized in lipid droplets and nucleus. Some closely homologous GGLs exhibited similar expression patterns at various tissues and in response to hormone and abiotic stresses, or similar subcellular localization, suggesting the correlation of expression pattern and biological function, and the functional redundancy of GGLs in plant development and environmental adaptations. Further phenotypic identification of ggl mutants revealed that GGL7, GGL14, GGL22, and GGL26 played unique and redundant roles in stomatal dynamics, stomatal density and morphology, and plant water relation. The present study provides unique resources for functional insights into these GGLs to control stomatal dynamics and development, plant growth, and adaptation to the environment.

Keywords: Arabidopsis, drought tolerance, expression pattern, guard cells, GDSL lipases, stomatal density, stomatal dynamics, subcellular localization


INTRODUCTION

GDSL lipases or esterases (EC 3.1.1.3) are lipid hydrolases with a GDSL motif at the N-terminus. GDSLs have four invariant important catalytic residues: Ser, Gly, Asn, and His in blocks I, II, III, and V, respectively (Akoh et al., 2004). GDSLs widely exist in prokaryotes and eukaryotes. In plants, it exists as a big family with many members, more than 100 members in Arabidopsis (Ling, 2008; Dong et al., 2016; Lai et al., 2017; Su et al., 2020), 114 members in rice (Chepyshko et al., 2012), 121 in Brassica rapa (Dong et al., 2016), and 194 in soybean (Su et al., 2020). However, only a few members have been identified in each plant species with their broad biological functions and substrates.

GDSLs play roles in plant growth and organ development. Arabidopsis EXL4 (EXTRACELLULAR LIPASE 4) is required for pollen on stigma to hydrate efficiently. Loss function of EXL4 led to the delayed and reduced rate of pollen hydration (Mayfield et al., 2001; Updegraff et al., 2009). CDEF1 (CUTICLE DESTRUCTING FACTOR 1) acts as a cutinase, which directly degrades the polyester in the cuticle of stigma and mediates pollen tube penetration into the stigma (Takahashi et al., 2010). Tomato GDSL1 plays a specific role in cutin polyester deposition in the tomato fruit cuticle (Girard et al., 2012), and CD1 is required for cutin accumulation by catalyzing 2-MHG in vivo and catalyzes the formation of primarily linear cutin oligomers in vitro (Yeats et al., 2012, 2014). Two rice GDSLs, BS1 (Brittle Leaf Sheath 1) and DARX1 (DEACETYLASE ON ARABINOSYL SIDECHAIN OF XYLAN 1), are identified as deacetylases that are crucial for secondary wall formation and patterning. BS1 cleaves acetyl moieties from xylopyranosyl residues (Zhang et al., 2017a), and DARX1 specifically deacetylates the side chain of the major rice hemicellulose, arabinoxylan (Zhang et al., 2019). ZmMs30, a maize genic male sterility gene, regulates male fertility by modulating cuticle deposition on anthers (An et al., 2019). OsGELP34, OsGELP110, and OsGELP115 control male fertility by regulating exine formation (Zhang et al., 2020). BnSCE3 serves as a sinapine esterase that controls seed weight, size, and water content (Ling et al., 2006; Clauss et al., 2008, 2011).

GDSLs regulate plant adaptation to biotic and abiotic stresses. Arabidopsis GDSL LIPASE1 (GLIP1) is a critical component in plant resistance to several bacterial and fungal pathogens, directly disrupting fungal spore integrity and inhibiting its germination (Oh et al., 2005; Kwon et al., 2009). Pepper GLIP1 plays as a negative regulator in resistance to Xanthomonas campestris pv. vesicatoria (Xcv) (Hong et al., 2008). Rice GLIP1 and GLIP2 act as negative regulators of disease resistance to bacterial and fungal pathogens by changing the levels of DGDG and MGDG (Gao et al., 2017). Arabidopsis Li-tolerant lipase 1 (AtLTL1) increases salt tolerance of Arabidopsis and LiCl tolerance of yeast (Naranjo et al., 2006). Rice WDL1 (Wilted Dwarf and Lethal 1) mediates water loss by regulating wax synthesis (Park et al., 2010). Our recent research has shown that Arabidopsis OSP1 (Occlusion of Stomatal Pore 1) confers drought tolerance through the control of wax biosynthesis, stomatal outer cuticular ledge formation, and stomatal density (Tang et al., 2020). However, the functions of most GDSLs are unexplored.

GDSL lipase has a flexible active site (Akoh et al., 2004), which leads to catalytic activity on different substrates by changing conformations. Due to this changeable structure feature, isolation and characterization of GDSL substrates is a big challenge. For example, a bread wheat (Triticum aestivum) xanthophyll acyltransferase (XAT) has broad substrate specificity. XAT can esterify lutein, β-cryptoxanthin, and zeaxanthin (Watkins et al., 2019). Tremendously functional redundancy and tandem duplications in chromosomes could be other challenges to identify the biological functions of GDSLs (Lai et al., 2017). Their functions may only be determined when higher-order mutants are generated by crossing, CRISPR/Cas9 gene editing, or artificial microRNA technologies (Feng et al., 2013; Hauser et al., 2013; Miao et al., 2013). Therefore, detailed expression patterns are critical for characterizing the functions of GDSL lipases in plant development, plant growth, and adaptation to the environment.

Stomata are pores formed by pairs of guard cells in the surface of aerial parts of most higher plants, which respond quickly to the environmental changes by opening or closing the pores. It has been suggested that manipulation of stomatal development and behavior is a good strategy for improving plant abiotic and biotic tolerance (Hughes et al., 2017; Dunn et al., 2019; Papanatsiou et al., 2019; Huang et al., 2021). GDSLs exist as a big family, but only OSP1 has been identified with essential roles in stomata (Tang et al., 2020). Therefore, it is very important to identify GDSLs that function in stomata. In this study, we identified 29 predicted GGLs (
Guard-cell-enriched GDSL Lipases) from microarray data and determined the temporal–spatial expression patterns of 19 GGLs by driving the GUS reporter gene in Arabidopsis. We also explored their cellular localizations by transient expression of GFP or YFP fused GGLs in Nicotiana benthamiana. Furthermore, we investigated the roles of six guard cell preferentially expressed GGLs in stomatal biology and plant water maintenance. Our data provide unique resources for the future investigation of the roles of GGLs in controlling stomatal dynamics and stomatal development, plant growth, and adaptation to the environment.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) accession Col-0 and N. benthamiana plants were used in this study. The single T-DNA insertion mutants, ggl7 (CS393512), ggl12 (SALK_024323C), ggl14 (SALK_106116C), ggl22 (SALK_062226C), ggl23 (CS874407), ggl26 (SALK_116756), and ggl27 (CS857064), were obtained from the Arabidopsis Biological Resource Center (ABRC). The Arabidopsis plants and N. benthamiana were grown in a well-controlled growth chamber or a greenhouse at 22°C with a 16h light/8h dark regime.



Plasmid Construction

To generate the promoter::GUS expression vectors, we cloned 1.5–2kb promoter regions (DNA fragment upstream of the ATG start codon) into the expression vector pLP100 or pMDC163 (Szabados et al., 1995; Charrier et al., 1996; Curtis and Grossniklaus, 2003). All promoter sequences were confirmed by DNA sequencing, and the primers used are listed in Supplementary Table S2.

To investigate the subcellular localization of the predicted GGLs, we amplified the open reading frames of GGLs from cDNA of Col-0 seedlings using gene-specific primers (Supplementary Table S2). PCR products were cloned into the Gateway-compatible donor vector pDONR207 by BP recombination reactions to generate entry clones and confirmed by DNA sequencing. Subsequently, the positive entry clones were further cloned into the destination vector pGWB541 or BarII-pUBQ10-GWB-GFP (Walter et al., 2004; Nakagawa et al., 2007) by LR recombination reactions.



Generation of Transgenic Plants and GUS Staining

The generated GGLpro::GUS constructs were transformed into Col-0 plants by flower dipping method (Zhang et al., 2006). Transgenic plants were screened by Kanamycin or Hygromycin B. Positive transgenic plants were further confirmed by detecting the existence of the GUS reporter gene. The transgenic seedlings of 1.5days after germination (DAG), 6 DAG, and 14 DAG growing on 1/2 Murashige and Skoog medium supplemented with 1% sucrose and 0.3% phytagel were used for GUS staining. The representative lines showing consistent GUS staining were further analyzed for GUS staining at the reproductive stage (34 DAG). At least three independent transgenic lines were analyzed in parallel.

The seedlings or tissues were immersed in GUS solution buffer [1mg/ml X-Gluc, 5mM K3Fe(CN)6, 5mM K4Fe(CN)6·3H2O, 0.042M NaH2PO4·2H2O, 0.058M Na2HPO4·12H2O, 0.1mM Na2EDTA (pH=8.0), and 1% (v/v) Triton X-100], and incubated overnight at 37°C. After staining, the seedlings and tissues were de-stained in 75% ethanol several times for GUS observation under a microscope.



Subcellular Localization

The constructs of UBQ10-GGL-GFP or 35S-GGL-YFP were transformed into the Agrobacterium strain GV3101, and the strains were infiltrated into N. benthamiana leaf epidermis. Protoplasts of infiltrated tobacco leaves were prepared as described previously (Walter et al., 2004). Images were obtained by a confocal microscope (TCS-SP8; Leica, Weztlar, Germany) with a 40× water-immersion objective in the sequential scan, between frames mode. For localization in ER, an ER-marker HDEL-OFP (orange fluorescent protein; excitation at 561nm, emission range is 580nm to 630nm) was coexpressed for co-localization. Nile Red staining was performed for localization in lipid droplets, as described in our previous publication (Tang et al., 2020).

To confirm the subcellular localization of GGL13, GGL17, and GGL27 in Arabidopsis, GGL13-GFP, GGL17-GFP, or GGL27-GFP was transformed into Arabidopsis mesophyll protoplasts with HDEL-OFP (Yoo et al., 2007), respectively. The GFP and OFP signals of protoplasts were recorded 10–12h after transformation under a confocal microscope (TCS-SP8; Leica, Weztlar, Germany).



Transpiration Rate, Water Use Efficiency, and Stomatal Conductance Analyses

Transpiration rate was determined on rosette leaves of 4-week-old plants using a portable photosynthesis system (LI-6400XT; Li-Cor). The measurement conditions were 150μmolm−2 s−1 light intensity, 50–60% relative humidity, and 450ppm CO2. Measurements were recorded every 30s and lasted for 20min. Data presented are the average value of 10min for individual plants (at least four plants per genotype) for each experiment. Instantaneous water use efficiency (WUE) was defined as the ratio of CO2 assimilated to water loss during transpiration (μmol CO2 mmol H2O−1). WUE was calculated using the data collected during transpiration rate measurement. The corresponding time points (10min) were chosen for each plant. Experiments were repeated at least three times.

For stomatal conductance in response to dark-to-light (150μmolm−2 s−1 with 10% blue light) transitions, intact leaves of 4 to 5-week-old well-growing plants were measured by a portable gas exchange analyzer (LI-6400XT; Li-Cor). According to the previous publication (Hu et al., 2010), the initial rate of stomatal conductance changes in response to dark-to-light transitions was calculated.



Stomatal Density and Stomatal Morphology Analyses

The seventh or eighth (including cotyledons) rosette leaves of 4-week-old plants were analyzed for stomatal density and index, stomatal pore width and pore ratio (width: length), and stomatal complex length and width. All plants were grown in a well-controlled growth room at 22°C, with 56% humidity and a 16h light/8h dark photoperiod regime with 80μmolm−2 s−1 light intensity. The central areas derived from the leaf abaxial epidermal layer were imaged using a light microscope (TS100, Nikon, Japan). Stomata and pavement cell numbers were counted with ImageJ software. Stomatal pore width and length, and stomatal complex length and width were measured with ImageJ software. Experiments were repeated three times.



Stress Treatment, RT-PCR, and Real-Time Quantitative PCR Analyses

For different hormone treatments, 7-day-old seedlings growing on 1/2 MS plates were treated with different phytohormones, including 10μM ABA (abscisic acid), 10nM BL (brassinolide), 1μM GA (gibberellin), 1μM IAA (indoleacetic acid), and solvent (as control). The seedlings were harvested at 0, 0.5, 1, and 3h after treatments, respectively. For salt stress, 4-week-old plants were treated (watered) with 150mM NaCl, and the leaf samples were harvested at the time points of 0, 0.5, 1, 3, 6, 12, and 24h. For dehydration treatment, rosette leaves were detached from 4-week-old plants and dehydrated under the laboratory conditions. The samples were harvested at the time points of 0, 0.25, 0.5, 1, 3, 6, and 12h after leaf detachments. Total RNA was extracted from 50 to 100 mg of sample tissues using TRIZOL Reagent (Invitrogen). After DNase treatment, the first-strand cDNA was synthesized from 2μg of RNA using oligo (dT) primers with M-MLV reverse transcriptase (Promega). For RT-PCR analyses, 100ng cDNA was used as templates for amplification of Actin7 and GGLs. 30–32cycles were amplified. Primers used for RT-PCR are listed in Supplementary Table S2.

Real-time quantitative PCR was performed with the Bio-Rad CFX96™ Real-Time System using SYBR (Vazyme) to monitor double-stranded DNA products. EFα was used as an internal control. The relative gene expression during different treatments was calculated by comparison with that of the samples at 0h, which was defined as 1. Bio-Rad CFX manager software was used for analysis. Primers used for real-time quantitative PCR are listed in Supplementary Table S2.



Drought Stress Assay

Plants (each pot containing 25 plants with the same weight of soil and the same water content) were grown in well-watered conditions for 3weeks. Then, water was withdrawn for 8–10days until significant differences in the wilted leaves were observed and re-supplied for 2 days. Photographs of the plants at these three time points were taken.




RESULTS


Identification of GDSLs Enriched in Arabidopsis Guard Cells

To gain insights into the GDSLs that function in stomatal biology, we focused on the guard cell highly expressed GDSLs in the Arabidopsis genome. Firstly, we extracted the expression data of all putative GDSL genes from the microarray data of guard cell and mesophyll cell protoplasts with or without ABA treatment published by Leonhardt et al. (2004) and drew a heat map with TBtools (Chen et al., 2020). The results showed that 29 GDSLs belonging to a large clade (L) and a small one (S) had relatively higher expression levels in guard cell protoplasts (Figure 1). We then named these GDSLs as GGLs (
Guard-cell-enriched GDSL Lipases). Among these 29 GGLs, the expression levels of GGL2 (AT1G28600), GGL3 (AT1G28610), GGL15 (AT2G24560), and GGL28 (AT5G45950) in guard cell protoplasts were upregulated by ABA treatment, while those of another four GGLs, GGL4 (AT1G28660), GGL10 (AT1G54030), GGL11 (AT1G67830), and GGL18 (AT3G14220), were slightly repressed by ABA treatment (Figure 1). The remaining GGLs were not affected by ABA treatment in guard cell protoplasts (Figure 1). Moreover, the expression levels of GGLs in L clade were generally higher than those in S clade, and 19 GGLs from the L clade were preferentially expressed in guard cells than those in mesophyll cells (Figure 1).
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FIGURE 1. Identification of GGLs in Arabidopsis. Expression levels of Arabidopsis GDSLs in guard cell and mesophyll cell protoplasts in response to ABA or not. ATH1 microarray data of all Arabidopsis GDSLs in guard cell (GC) and mesophyll cell (MC) protoplasts treated with ABA or not were obtained from Leonhardt et al. (2004) and Yang et al. (2008). Putative GDSLs were merged from Dong et al. (2016) and Lai et al. (2017). The heat map was constructed by TBtools (Chen et al., 2020), and the color code of signal intensities corresponds to the abundance of transcripts, from low (green) to high (magenta) expression. GGL means 
Guard-cell-enriched GDSL Lipase. (L) and (S) indicate the large and small clades, respectively. Nineteen GGLs in L clade were shown in blue fonts. The GGLs highlighted in magenta or green indicated the GGLs in guard cell protoplasts induced or repressed by ABA treatment, respectively.


We then analyzed the distribution of these GGLs on chromosomes by Chromosome Map Tool.1 These GGLs were distributed on all chromosomes. Thirteen GGLs were located on chromosome 1, 6 on chromosome 3, 3 on chromosome 4, and 5 on chromosome 5, whereas only two were located on chromosome 2 (Supplementary Figure S1). Furthermore, there were cases of two or more GGLs arranged in tandem, on the middle and bottom of chromosome 1 (Supplementary Figure S1). For example, GGL1, GGL2, and GGL3 were tandem duplicated (Supplementary Figure S1). Given that tandem repeated genes often show functional redundancy (Tantikanjana et al., 2004; Su et al., 2013), we speculate that tandem repeated GGLs might have functional redundancy.



Tissue-Specific Expression Patterns of GGLs at the Seedling Stage

To confirm that these predicted GGLs in L clade are highly expressed in guard cells, we cloned the regions of 1.5–2.0kb of DNA fragments upstream of the start codon (ATG) for these 19 GGLs (marked in blue fonts in Figure 1) as native promoters into the expression vector pLP100 or pMDC163 to drive the expression of GUS reporter gene (Figure 2A). These 1.5–2.0kb regions should have contained enough regulatory elements to drive the expression of most Arabidopsis genes (Korkuæ et al., 2014; Wu et al., 2016). All these constructs were transformed into the wild-type Arabidopsis Col-0 accession.
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FIGURE 2. Expression patterns of 19 GGLs at the early seedling stage. (A) Schematic charts of two destination vectors (pLP100 and pMDC163) used for GUS expression driven by GGL native promoters. (B) Expression profile analyses of 19 GGLs at the early seedling stage. GGLpro::GUS expressing transgenic seedlings that grown in a growth chamber were stained with X-Gluc. For each gene, the images from left to right represent a seedling of 1.5days after germination (DAG; scale bar=200μm), a seedling of 6 DAG (scale bar=1mm), and an enlarged part of the cotyledon from the 6-DAG seedling (scale bar=25μm), respectively.


We performed GUS staining of transgenic plants expressing GGLpro::GUS in different tissues at different developmental stages. At least three independent transgenic lines were used for analyses, and only those lines showing the most consistent patterns were photographed. At 1.5 DAG (Days After Germination), 16 GGLs were highly expressed in the emerged cotyledons or hypocotyls, whereas GGL12, GGL20, and GGL25 had very weak expressions (Figure 2B). Seventeen from 19 GGLs, except GGL20 and GGL21, were expressed in the 6-DAG seedlings (Figure 2B). Ten members (GGL6, GGL8, GGL9, GGL13, GGL16, GGL19, GGL22, GGL23, GGL26, and GGL29) were highly expressed in cotyledons, and nine members (GGL6, GGL8, GGL9, GGL13, GGL16, GGL19, GGL22, GGL23, and GGL27) showed evident expressions in roots (Figure 2B). Interestingly, 7 GGLs (GGL7, GGL12, GGL14, GGL17, GGL23, GGL26, and GGL27) were preferentially expressed in guard cells (Figure 2B), indicating that they may function in stomata. Eight GGLs (GGL6, GGL8, GGL9, GGL13, GGL16, GGL19, GGL22, and GGL29) were expressed not only in cotyledon guard cells but also in pavement or mesophyll cells (Figure 2B), suggesting their potential roles in other physiological processes in addition to stomatal biology.

To confirm that these GGLs are expressed in the guard cells of true leaves, we further determined their expression patterns in the true leaves of 14-DAG seedlings. Consistent with their expression patterns in cotyledons (Figure 2B), the same 15 GGLs were expressed in the guard cells of true leaves (Figure 3). Seven GGLs (GGL7, GGL12, GGL14, GGL17, GGL23, GGL26, and GGL27) were preferentially expressed in the true leaf guard cells, and eight members (GGL6, GGL8, GGL9, GGL13, GGL16, GGL19, GGL22, and GGL29) also showed evident expressions in pavement or mesophyll cells in addition to guard cells (Figure 3). Moreover, five GGLs (GGL5, GGL14, GGL17, GGL19, and GGL23) were also expressed in trichomes (Figure 3 and Supplementary Figure S2), and seven GGLs (GGL6, GGL8, GGL9, GGL13, GGL16, GGL22, and GGL29) were expressed in the vascular tissues (Figure 3), indicating that these GGLs may also be involved in trichome and vascular tissue development.
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FIGURE 3. Expression profiles of 19 GGLs in 14-DAG true leaves. The true leaves of 14-DAG GGLpro::GUS expressing seedlings were stained with X-Gluc. For each gene, the images from left to right represent a true leaf from a 14-DAG seedling (scale bar=1mm) and an enlarged part of it (scale bar=25μm).




Tissue-Specific Expression Patterns of GGLs at the Reproductive Tissues

We next determined the expression patterns of these GGLs at the reproductive stage. Among 19 GGLs, 18 (except GGL20) were expressed in the inflorescence of 34-DAG Arabidopsis plants (Figure 4). GGL7, GGL26, and GGL27 were preferentially expressed in guard cells on sepals (Figure 4). GGL6, GGL8, GGL9, GGL13, GGL14, GGL22, and GGL29 showed very similar expression patterns, with strong expressions in filaments, sepals, and apex of stigma (Figure 4), suggesting that these GGLs may be involved in flower development or fertility. The remaining GGLs had relatively narrow expression patterns. GGL5 was expressed in the apex and base of stigma, GGL16 and GGL17 were expressed in sepals and apex of stigma, and GGL19 was expressed in filaments and sepals (Figure 4). Moreover, GGL14 and GGL16 were also expressed in anthers. We also found that seven GGLs (GGL12, GGL16, GGL17, GGL19, GGL23, GGL26, and GGL27) were expressed in the whole siliques, and eight GGLs (GGL5, GGL6, GGL8, GGL9, GGL13, GGL14, GGL22, and GGL29) were expressed only in both ends of siliques (Figure 4).
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FIGURE 4. Expression patterns of 19 GGLs at reproductive stage. The tissues from 34-DAG GGLpro::GUS expressing plants were stained with X-Gluc. For each gene, the images from left to right represent an inflorescence from a 34-DAG plant (scale bar=100μm), a mature flower from a 34-DAG plant (scale bar=1mm), and mature siliques from a 34-DAG plant (scale bar=100μm), respectively.




Subcellular Localization Analyses of GGLs in N. benthamiana

Several GDSLs have been reported to be secreted into the intercellular space; signal peptide prediction using SignalP 4.1 Server2 revealed that 14 of 19 GGLs possessed a signal peptide at N-terminus (Supplementary Table S1). To gain insights into which organelles GGLs are localized in plant cells, we investigated the subcellular localization of 13 GGLs tagged by GFP or YFP under the control of the cauliflower mosaic virus (CaMV) 35S promoter by transient expression in N. benthamiana leaf epidermis, a convenient system to study protein intracellular localization (Deeks et al., 2012). Our results showed that most C-terminal GFP- or YFP-tagged GGL proteins were co-localized, at least partially, with the endoplasmic reticulum (ER) marker HDEL-OFP (Supplementary Figure S3A). To further confirm that these GGLs are localized in ER, we observed their localizations in the isolated protoplasts. Nine of thirteen GGLs (GGL5, GGL8, GGL13, GGL14, GGL16, GGL17, GGL20, GGL27, and GGL29) were well overlapped with HDEL-OFP (Figure 5A), demonstrating that these GGLs are localized in ER. Among nine ER-localized GGLs, three GGLs (GGL5, GGL13, and GGL14) also appeared as punctate localization in the cytoplasm (Figure 5A). We speculated that these vesicle structures were lipid droplets, and GGL5 and GGL13 could be dual localization proteins in both ER and lipid droplets as GGL14 (also named OSP1) did (Tang et al., 2020). Therefore, we performed co-localization of GGL5, GGL13, or GGL14 with OsGLIP1-CFP, a protein reported to localize in lipid droplets and ER (Gao et al., 2017), respectively. GGL5, GGL13, and GGL14 overlapped with OsGLIP1-CFP in the vesicle structures and ER networks (Figure 5B), suggesting that GGL5, GGL13, and GGL14 may also play roles in lipid homeostasis. GGL6 and GGL9 appeared in the vesicle structures in tobacco epidermal cells (Supplementary Figure S3B), and lipophilic Nile Red staining showed that these vesicle structures were lipid droplets (Figure 5C). Moreover, GGL9, GGL17, GGL27, and GGL29 were also localized in nucleus (Figures 5A,C and Supplementary Figure S3). We further validated the subcellular localization of three GGLs in Arabidopsis mesophyll protoplasts. The results showed that GGL13, GGL17, and GGL27 overlapped well with HDEL-OFP (Supplementary Figure S3C), consistent with their localizations in N. benthamiana leaf epidermis (Figure 5A). These results suggest that subcellular localization of these Arabidopsis GGLs in N. benthamiana leaf epidermis by our system is suitable and reliable.
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FIGURE 5. Subcellular localization of GGLs in protoplasts of Nicotiana benthamiana leaves. Subcellular localization of C-terminal GFP or YFP fused GGL proteins in N. benthamiana protoplasts (A-C). C-terminal GFP or YFP fused GGL proteins under the control of the CaMV 35S promoter were transiently expressed in N. benthamiana leaf epidermal cells. GFP or YFP signals in the isolated protoplasts were imaged by a confocal microscope. HDEL-OFP was coexpressed with GGLs to indicate endoplasmic reticulum localization (A). Lipid droplet localization of GGLs was confirmed by co-localization with OsGLIP1-CFP (Gao et al., 2017) (B) or Nile Red staining (C). Scale bar=10μm.




Phylogenetic Relationship and Exon-Intron Structures of GGLs in Arabidopsis

To investigate the evolutionary relationship between these 19 GGL proteins, we constructed a maximum likelihood tree using GGL protein sequences (Supplementary Figure S4). GGL5 showed a close relationship with GGL6, GGL7, and GGL22 (Supplementary Figure S4). GGL14 and GGL23, GGL12 and GGL13, and GGL16 and GGL20 were highly homologous proteins, respectively (Supplementary Figure S4). GGL17 exhibited a close relationship with GGL27 and GGL29 (Supplementary Figure S4). Some closely homologous GGLs, such as GGL5 and GGL6, and GGL12 and GGL13, were found to be arranged in tandem on chromosomes (Supplementary Figure S1). These closely related GGLs are mostly expressed in guard cells, indicating that they may function redundantly in stomatal biology.

We next analyzed the exon and intron structures of these 19 GGLs based on exon assignment information from the TAIR Web site.3 Among these GGLs, only GGL12, GGL22, and GGL23 have two transcripts, and the others all have only one transcript (Supplementary Figure S4). Most GGLs contain five exons. GGL14, GGL21, and GGL23 have three exons, and GGL9 has four exons, whereas GGL7, GGL17, and GGL22.2 have six exons (Supplementary Figure S4). We surprisingly found that GGL20 was a unique one, which possessed a long 5′ untranslated region of about 2.5kb (Supplementary Figure S4), which may have a regulatory effect on its expression (Broad et al., 2019; Nitschke et al., 2020).



Some GGLs Play Roles in Water Transpiration and Light-Induced Stomatal Opening

To explore the function of GGLs in stomatal biology, we ordered T-DNA insertion mutants of seven guard cell preferentially expressed GGLs (Figures 2B, 3) from ABRC stock, which were speculated to have specific roles in stomata. Genotyping and RT-PCR analyses showed that ggl12, ggl14, ggl22, and ggl27 were knockout mutants, and ggl7 and ggl26 were knockdown mutants (Supplementary Figure S5B). However, the expression level of GGL23 was not changed in the ggl23 mutant (Supplementary Figure S5B). Therefore, the ggl23 mutant was not used for further analyses in this study. We firstly used thermal imaging to detect the leaf temperature of these six single mutants, which reflects the transpiration efficiency through the stomatal pores and epidermis. Thermal imaging analyses revealed that ggl14 mutant (osp1-1) exhibited higher leaf temperature, consistent with our previous study (Tang et al., 2020), and ggl22 mutant exhibited lower leaf temperature than Col-0, whereas the remaining four mutants showed comparable leaf temperatures as Col-0 (Figures 6A,B). To determine whether there is functional redundancy between GGL14 with the other guard cell preferentially expressed GGLs, ggl14 was crossed with ggl7 and ggl26 to generate double and triple mutants since these three genes are relatively higher and specifically expressed in guard cells than other GGLs, and are coexpressed with known components that function in stomata by coexpression analyses (Obayashi et al., 2009). ggl7ggl14 and ggl14ggl26 showed similar leaf temperatures as ggl14, and ggl7ggl26 behaved WT-like leaf temperature (Figures 6C,D). However, the ggl7ggl14ggl26 triple mutant showed significantly higher leaf temperature than ggl14 and double mutants (Figures 6C,D), suggesting that GGL7, GGL14, and GGL26 have functional redundancy in transpiration, and GGL14 is a major contributor in this process. We next measured the transpiration rate and WUE of these single, double, and triple mutant plants. ggl14 mutant exhibited a reduced transpiration rate and increased WUE than Col-0, while ggl22 had an increased transpiration rate than Col-0 (Figures 6E,F), in accordance with their leaf temperatures (Figures 6A,B). Consistently, the transpiration rate of ggl7ggl14ggl26 triple mutant was further reduced, and the increase of WUE in ggl7ggl14ggl26 was aggravated compared to ggl14 (Figures 6G,H), further supporting the functional redundancy among GGL7, GGL14, and GGL26.
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FIGURE 6. Leaf temperature, transpiration rate, and instantaneous water use efficiency (WUE) of ggl mutants. (A) Photograph (up) and infrared thermal imaging (down) of Col-0 and ggl single mutants. (B) Quantification and statistical analyses of leaf temperature of Col-0 and ggl single mutant plants in (A). Values are means ± SE (n=three independent experiments, each with four plants per genotype). *p<0.05; **p<0.01; ns, no significant difference; Student’s t-test. (C) Photograph (left) and infrared thermal imaging (right) of Col-0, ggl14, the corresponding double mutant, and triple mutant plants. (D) Quantification and statistical analyses of leaf temperature of Col-0, ggl14, the corresponding double mutant, and triple mutant plants in (C). Values are means ± SE (n=three independent experiments, each with six plants per genotype). Different letters indicate statistically significant differences (p<0.05) by one-way ANOVA and Tukey’s test analyses. (E–H) The transpiration rate and WUE of ggl mutants were measured using a portable gas exchange system (LI-6400XT). Values are means ± SE (n=three independent experiments, each with six plants per genotype). *p<0.05; **p<0.01; ns, no significant difference; Student’s t-test (E, F), and different letters indicate statistically significant differences (p<0.05) by one-way ANOVA and Tukey’s test analyses (G, H). Quantification of leaf temperature by the software ThermaCAM Researcher Professional 2.10 (B, D).


We then detected their stomatal dynamics to dark-to-light transitions to determine whether these six GGLs are involved in stomatal dynamics when responses to environmental changes. ggl14 exhibited impaired light-induced stomatal opening (Figures 7A–C), in agreement with our previous study (Tang et al., 2020), and the other single mutants retained intact stomatal response (Figures 7A–C). However, ggl22 and ggl26 single mutants exhibited relatively larger stomatal conductance when the stomatal aperture reached maximum value (Figure 7B), indicating that mutation of GGL22 or GGL26 increased stomatal movement capacity but not the stomatal sensitivity (Hu et al., 2015). To explore whether other GGLs have functional redundancy with GGL14 in stomatal dynamics to dark-to-light transitions, we also investigated the stomatal response of double and triple mutant plants to dark-to-light transitions. Similar to transpiration rate and WUE (Figure 6), ggl7ggl14 and ggl14ggl26 had similar stomatal dynamics as ggl14, which was greatly impaired compared to Col-0 (Figures 7D–F). However, the impairment in the light-induced stomatal opening was aggravated in ggl7ggl14ggl26 triple mutant compared to ggl14 (Figures 7D–F). These results suggest that GGL7, GGL14, and GGL26 are redundant in stomatal responses, at least to dark-to-light transitions and water maintenance.

[image: Figure 7]

FIGURE 7. GGL7, GGL14, and GGL26 show functional redundancy in stomatal dynamics during the dark-to-light transition. (A–C) Time-resolved stomatal conductance responses to dark to light transitions in Col-0 and ggl single mutant plants. (B) Relative stomatal conductance. Normalized stomatal conductance of (A). (C) The initial rates of stomatal conductance changes in the period of t1 to t2 in (A), presented as mol H2O m−2 s−1 min−1. Values are means ± SE (n=3 independent experiments, each with at least four leaves per genotype). **p<0.01; ns, no significant difference; Student’s t-test. (D–F) Time-resolved stomatal conductance responses to dark to light transitions in Col-0, ggl14, ggl7ggl14, ggl14ggl26, ggl7ggl26, and ggl7ggl14ggl26 mutant plants. (E) Relative stomatal conductance. Normalized stomatal conductance of (D). (F) The initial rates of stomatal conductance changes in the time of t1 to t2 in (D), presented as mol H2O m−2 s−1 min−1. Values are means ± SE (n=3 independent experiments, each with at least four leaves per genotype). Different letters indicate statistically significant differences (p<0.05) by one-way ANOVA and Tukey’s test analyses. PAR: photosynthetically active radiation.




Mutation of GGLs Affects Stomatal Density and Stomatal Morphology

We were also interested in whether these GGLs played roles in stomatal density and stomatal morphology. The stomatal density and index of ggl22 were significantly increased than those in Col-0, and ggl14 showed reduced stomatal density and index than Col-0 (Figures 8A,B). These results suggest that GGL22 is a negative regulator and GGL14 is a positive one to mediate stomatal density. Moreover, the stomatal density and index of ggl7ggl14ggl26 triple mutant were not different from those in ggl14 (Supplementary Figures S6A,B), suggesting that GGL7 and GGL26 are not involved in stomatal density. It has been reported that some guard cell-expressed genes affect stomatal patterning and shape (Lee et al., 2013; Negi et al., 2013; Castorina et al., 2016; Rui et al., 2017). We found that the one-spacing rule in these single, double, and triple mutants was not disrupted (data not shown), suggesting that these GGLs are not involved in this stomatal developmental process.
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FIGURE 8. Stomatal density and stomatal morphology of ggl single mutants. (A, B) Stomatal density (A) and stomatal index (B) in the abaxial leaves of Col-0 and ggl single mutants. Values are means ± SE (n=3 independent experiments, each with at least 8 leaves per genotype). *p<0.05; ***p<0.001; ****p<0.0001; ns, no significant difference; Student’s t-test. (C–F) Stomatal pore width (C), pore ratio (width: length) (D), stomatal complex length (E), and width (F) of Col-0 and ggl single mutants. Number 1 represents stomatal pore width, 2 represents stomatal pore length, 3 represents stomatal complex length, and 4 represents stomatal complex width. Pore ratio (1:2) is the ratio of pore width to pore length. Data are means ± SE, n=60 stomata from at least six leaves per genotype (E) and (F). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, no significant difference; Student’s t-test. The measurement of stomatal pore width and length, and stomatal complex length and width was indicated in (C).


Furthermore, stomatal pore width, length, and stomatal complex size were measured in these mutants at normal growth conditions. The stomatal pore width and the width to length ratio (pore ratio) of ggl14 were significantly smaller than Col-0 (Figures 8C,D), partially explaining the higher leaf temperature of ggl14 mutant (Figures 6A,B). Although the stomatal pore width of ggl26 was not obviously different from that in Col-0, its pore ratio was greater than Col-0 (Figures 8C,D). Measurement of stomatal complex length and width revealed that ggl22 had a smaller stomatal complex size than Col-0, while the other five ggl single mutants showed a comparable stomatal complex size as Col-0 (Figures 8E,F). These results suggest that GGL26 and GGL22 influence stomatal pore dimension and stomatal complex size, respectively. ggl7ggl14ggl26 phenocopied ggl14 with respect to stomatal pore width and pore ratio (Supplementary Figures S6C,D), indicating GGL7 and GGL26 do not show functional redundancy with GGL14 in this developmental process. We interestingly found that ggl7ggl14ggl26 had a larger stomatal complex length, whereas their corresponding single mutants showed a similar length as Col-0 (Figure 8E and Supplementary Figure S6E). These results suggest that GGL7, GGL14, and GGL26 are required and show redundancy in keeping stomatal complex at suitable size during development.



Mutation of GGLs Affects Plant Drought Performance

Environmental changes affect stomatal status and stomatal development. The public database (AtGenExpress Visualization Tool) showed that some GGLs were hormone or abiotic stress-inducible (Kilian et al., 2007). To further determine their expression profiles, we determined the expression patterns of these 19 GGLs during hormone or stress treatments by RT-PCR (Supplementary Figures S7, S8). The results revealed that GGL13, GGL21, and GGL23 were upregulated by ABA treatment (Supplementary Figure S7). GGL13 showed dynamic responses to IAA treatment, and IAA treatment inhibited GGL21 expression (Supplementary Figure S7). GGL27 was repressed by BL treatment and accumulated by GA treatment (Supplementary Figure S7). GA treatment inhibited the expression of GGL8, GGL12, and GGL26 (Supplementary Figure S7). GGL5 and GGL22 were prominently downregulated, and GGL7 was activated during the process of salt treatment (Supplementary Figure S8A), whereas GGL6, GGL8, GGL12, GGL13, GGL14, GGL16, GGL17, and GGL26 showed dynamic changes during salt treatment (Supplementary Figure S8A). Under dehydration stresses, the expression levels of GGL5, GGL6, GGL16, GGL19, GGL22, GGL23, and GGL29 were downregulated (Supplementary Figure S8B), whereas another four GGLs (GGL8, GGL13, GGL14, and GGL17) were significantly upregulated at different time points under dehydration stresses (Supplementary Figure S8B). Furthermore, the expression of six GGLs (GGL7, GGL9, GGL12, GGL21, GGL26, and GGL27) increased first and then decreased during dehydration treatment (Supplementary Figure S8B). To further confirm these results, we determined expression patterns of several hormone or stress-inducible GGLs (Supplementary Figures S7, S8) by real-time quantitative PCR. Our qPCR analyses showed that the expression patterns of these selected GGLs in response to hormones, salt, or dehydration stresses were generally consistent with RT-PCR results (Supplementary Figure S9). These results indicate that GGLs are more inducible to drought stresses and that hormone or stress-inducible GGLs might be involved in plant development and adaptation to stresses.

To test the effects of GGLs on drought performance, we subjected six ggl single mutants and the double and triple mutant plants to drought stresses. Under moderate drought stresses, ggl14 showed greatly enhanced drought tolerance (Figure 9B), consistent with WUE (Figure 6F) and our previous report (Tang et al., 2020). ggl22 showed slightly increased drought recovery capacity (Figure 9A). The rest four ggl single mutants performed the same drought performance as Col-0 (Figure 9A). ggl7ggl14 and ggl14ggl26 double mutants behaved similar drought performance as ggl14 (Figure 9B). Under severe drought stresses, ggl14ggl26 showed enhanced drought tolerance than ggl14 mutant plants, and the drought tolerance in ggl7ggl14ggl26 triple mutant was much stronger than ggl14ggl26 (Figure 9C), suggesting GGL7, GGL14, and GGL26 have redundancy in water maintenance.
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FIGURE 9. GGL7, GGL14, and GGL26 show functional redundancy in plant drought performance. (A) Drought performance of ggl7, ggl12, ggl22, ggl26, and ggl27 single mutants under moderate drought stresses. (B) Drought performance of ggl14, ggl7ggl14, and ggl14ggl26 mutant plants under moderate drought stresses. (C) Drought performance of ggl14, ggl7ggl14, ggl14ggl26, and ggl7ggl14ggl26 under severe drought stresses. Twenty-five plants per genotype were grown in the pots containing the same weight of soil and water content. For moderate drought stresses, plants were rewatered when ggl14 and WT plants showed significantly different wilting phenotypes. For severe drought stresses, plants were rewatered when significantly different wilting phenotypes were observed in ggl14 and ggl7ggl14ggl26 plants. The experiment was repeated two times with similar results.





DISCUSSION

Plants encounter many environmental changes and have to deal with these badly living conditions for survival by triggering different cellular responses. Stomata respond quickly to these environmental changes. GDSL lipases exist as a big family in most plant species, and more than 100 members have been identified in different plant species (Ling, 2008; Chepyshko et al., 2012; Dong et al., 2016; Lai et al., 2017; Su et al., 2020). However, only a few members have been studied for their biological and biochemical functions, especially in stomatal biology, though GDSL lipases/esterases that identified play essential roles in many aspects, such as regulation of plant growth, development, and stress adaptations (Naranjo et al., 2006; Hong et al., 2008; Takahashi et al., 2010; Girard et al., 2012; Gao et al., 2017; An et al., 2019).

It has been suggested that gene function is highly correlated with its expression pattern (Wu et al., 2016). For instance, two flower-expressed GDSLs (EXL4 and CDEF1) promoted pollen hydration on the stigma and facilitated pollen tube penetration into the stigma, respectively (Updegraff et al., 2009; Takahashi et al., 2010). In the present study, we firstly isolated 29 putative guard cell highly expressed GDSLs (here named GGLs) through the published microarray data (Leonhardt et al., 2004; Yang et al., 2008) and confirmed the expression patterns of 19 GGLs in L clade by GGLpro::GUS analyses (Figure 1). GGL6 (GELP16/GLIP9/AtGDSL1) and GGL22 (GELP80/SFAR5) were highly expressed in the seed germination stage (Figure 2B and Table 1), consistent with previous studies (Chen et al., 2012; Ding et al., 2019), suggesting our system works well. Nineteen GGLs showed diverse expression patterns during the whole plant growth stages. Fifteen of them were confirmed to express in leaf guard cells, and seven (GGL7, GGL12, GGL14, GGL17, GGL23, GGL26, and GGL27) were preferentially expressed in leaf guard cells (Figures 2B, 3). These results indicate the potential roles of these GGLs in stomatal biology and the possibility of functional redundancy among them.



TABLE 1. Gene name and AGI gene code comparison.
[image: Table1]

The roles of GGLs in stomata were further confirmed by phenotypic identification of T-DNA insertion mutants of six guard cell preferentially expressed GGLs. Our previous study has shown that OSP1/GGL14 plays an essential role in stomata (Tang et al., 2020). Here, we identified the functional redundancy of GGL7 and GGL26 with GGL14 in modulating transpiration, WUE, and stomatal dynamics (Figures 6, 7, 9), but not in stomatal density and stomatal pore dimension (Supplementary Figures S6A–D). Our study shows that GGL14 and GGL26 play essential roles in regulating the pore dimension. Mutation of GGL14 or GGL26 influenced the size of stomatal pores with opposite effects (Figures 8C,D). However, ggl7ggl14ggl26 and ggl14 had similar pore width and pore ratio (Supplementary Figures S6C,D), which may be due to the major role of GGL14 in this aspect. In addition, GGL7, GGL14, and GGL26 also have a role in controlling stomatal complex length with redundancy (Figure 8E and Supplementary Figure S6E). These results suggest that GGLs have functional similarity but also specificity in stomatal development and stomatal behavior.

Our study also suggests that GGL22 is a component involved in stomatal biology. GGL22 mutation increased stomatal density and stomatal index (Figures 8A,B), partially explaining the increased transpiration rate and reduced leaf temperature than Col-0 at normal growth conditions (Figures 6A,B,E). However, ggl22 exhibited increased stomatal movement capacity and reduced stomatal complex size (Figures 7B, 8E,F), which may account for the slightly increased drought tolerance compared to Col-0 (Figure 9A). Given that mutation of GGLs affects stomatal density, stomatal pore dimension, and stomatal complex size, whether these GGLs control stomatal development and the underlying mechanism need to be further investigated in the future. Moreover, in these guard cell preferentially expressed GGLs, others may also be involved in stomatal biology if more double or triple mutants are generated and investigated according to our expression pattern data. Our present investigations further support the correlation between the expression pattern and biological function, and also suggest that investigation of expression patterns of genes gives valuable and vital information for determining their functions.

Five GGLs (GGL5, GGL14, GGL17, GGL19, and GGL23) showed expressions in trichomes (Figure 3 and Supplementary Figure S2), and seven GGLs (GGL6, GGL8, GGL9, GGL13, GGL16, GGL22, and GGL29) were also expressed in the vascular tissues of true leaves (Figure 3). These results imply that these GGLs may play vital roles in trichome or vascular tissue development. Moreover, most of these 19 GGLs were expressed in the floral organ of 34-DAG plants (Figure 4), indicating these GGLs may also be involved in regulating floral organ development or fertility, possibly with redundancy. The deficiency in early siliques fertility and trichome development in the osp1 mutants (Tang et al., 2020) and an increasing number of reports showing that GDSLs play important roles in regulating plants fertility (Huo et al., 2020; Zhao et al., 2020; Zhu et al., 2020) support our conclusions. During the whole plant growth process, the GUS signal of GGL20pro::GUS expressing plants was not detected (Figures 2B, 3, 4). It may be due that GGL20 contains a long 5′ UTR (Supplementary Figure S4), which regulates its basal expression (Broad et al., 2019; Nitschke et al., 2020), or the upstream sequence of ATG we obtained may not include the intact promoter of GGL20. Our expression profile analyses revealed that some GGLs were inducible by hormones (Supplementary Figure S7), and most of them were influenced by dehydration (Supplementary Figure S8B), suggesting that they may have essential roles in plant development, adaptation to environmental changes, and hormone treatment. During dehydration, GGL22 was downregulated, and GGL14 was activated, whereas GGL7 and GGL26 showed dynamic responses (Supplementary Figure S8B). The functions of these four GGLs in stomatal biology and plant drought performance were validated in this study (Figures 7–9) and our previous report (Tang et al., 2020). These results further support the correlation of expression patterns and biological functions. The roles of other GGLs in abiotic stresses and hormone pathways need to be further investigated.

Proteins are distributed in different cell compartments to fulfill their diverse biological functions. In the present study, we found that GGL5, GGL8, GGL13, GGL14, GGL16, GGL17, GGL20, GGL27, and GGL29 were localized in ER (Figure 5A). A previous study has shown that GGL5 is not located in ER (Barbaglia et al., 2016). The difference in its location between the two labs may be due to the fact that only a tiny amount of GGL5 in ER can only be monitored by a high-resolution confocal microscope, or GGL5-YFP controlled by a 35S promoter leads to an artifact in N. benthamiana leaf epidermis. Together with that some GGLs were located in lipid droplets (Figure 5 and Supplementary Figure S3), these results imply that GGLs may function in stomata through regulating lipid biosynthesis and homeostasis. The previous studies revealed that the eukaryotic lipid metabolic pathway and the breakdown of stored triacylglycerols (TAGs) are essential for stomatal response to light intensity changes in Arabidopsis guard cells (McLachlan et al., 2016; Negi et al., 2018). Recently, more and more reports have shown that biochemical enzymes have other functions. For example, rice aldehyde dehydrogenase ALDH2B1 and rice glyceraldehyde-3-phosphatedehydrogenase (GAPDH) also act as transcriptional regulators to regulate gene expression (Zhang et al., 2017b; Ke et al., 2020). We found that four GGLs were localized in nucleus (Figures 5A,C and Supplementary Figure S3), suggesting that GGLs may have some special roles in nucleus. The diverse expression patterns and subcellular localization suggest that these GGLs may have diverse functions in plant development and environmental adaptations.

The previous phylogenetic analysis classified the Arabidopsis GDSLs into four clades (Lai et al., 2017). Our phylogenetic analyses of these 19 GGLs suggest that members of GGLs with high homology show similar tissue or subcellular expression patterns. GGL6 and GGL22, and GGL14 and GGL23 had mostly closed homologies, respectively, and showed similar expression patterns in most plant tissues (Figures 2B, 3, 4 and Supplementary Figure S2). GGL14 and GGL22 are involved in stomatal biology (Figures 7, 8). GGL6 and GGL23 may also have some roles in stomata, which need to be further determined. GGL17, GGL27, and GGL29 showed high homology and displayed the same subcellular localization (Figure 5A and Supplementary Figures S3A,C), indicating the similarity of functions among them.

In conclusion, we systematically investigated the expression patterns of 19 GGLs in Arabidopsis. Our results showed that most of these GGLs exhibited consistent expression patterns under normal growth conditions. At the cellular level, seven GGLs were preferentially, and eight were highly expressed in leaf guard cells. Expression pattern analyses under dehydration and phenotypic identification of mutants revealed a high correlation between expression pattern and biological function, and functional redundancy among the genes with similar expression patterns. Our findings also showed that protein sequence similarity had some degree of correlation with tissue or subcellular expression patterns. These findings provide valuable resources for future functional analyses of these GGLs in stomatal biology and developmental processes.
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INTRODUCTION

Stomata are the main gateways for the entry of microbial pathogens into leaves (Melotto et al., 2008). However, some try to use hydathodes (Hugouvieux et al., 1998) or breach the cuticle (Grimmer et al., 2012). Stomatal closure, therefore, is an effective measure to restrict pathogen entry and provide the plants an innate immunity (Melotto et al., 2008, 2017; Sawinski et al., 2013; Bharath et al., 2021). Stomata open when the guard cells are turgid and close when guard cells are flaccid (Willmer and Fricker, 1996). Whenever plants are exposed to stress, the guard cells sense and respond by a series of steps that include the production of ROS and NO followed by a rise in Ca2+ and the modulation of ion channels. These events promote the efflux of cations and anions from guard cells. As a result, guard cells lose turgor leading to stomatal closure (Arnaud and Hwang, 2015; Agurla et al., 2018; Saito and Uozumi, 2019; Hsu et al., 2021).

The reopening of stomata is usually slower than the closure, ensuring that the leaves conserve water for an extended period. For example, abscisic acid (ABA)-induced stomatal closure in the epidermis took about 30 min (and in leaf 3 h). In contrast, recovery took 1–6 days, implying short-term and long-term effects on stomata (Liang and Zhang, 1999). Recently, we pointed out that the stomatal closure by ABA was an essential component of plant adaptation to stress factors (Bharath et al., 2021). This article proposes that the initial stomatal closure response triggers many defensive strategies to fight the pathogens. We describe the follow-up of events limiting pathogen spread and emphasize stomata's role in ensuring plants' long-term adaptation against microbes.


Stomatal Closure: An Immediate Barrier of Microbial Entry

Stomatal closure was a typical response against microbial attack (Arnaud and Hwang, 2015; Melotto et al., 2017; Agurla et al., 2018). The process of stomatal closure is initiated by sensing the abiotic (e.g., drought, chilling, and UV-B) or biotic stress (pathogens and insects) components (Agurla et al., 2018). Most microbial pathogens produce pathogen-or microbe-or damage-associated molecular patterns (PAMPs/MAMPs/DAMPs), perceived by pattern recognition receptors (PRRs) present on the plant plasma membrane. Upon perception, plants activate a defense response called pattern-triggered immunity (PTI). When pathogens attempt to overcome PTI, plants trigger effector-triggered immunity (Cui et al., 2015; Nguyen et al., 2021). Bacterial elicitors that trigger stomatal closure include flagellin22 (flg22), lipopolysaccharide, and other elicitor peptides, such as, elf26 (Melotto et al., 2008, 2017; Arnaud and Hwang, 2015). Fungal elicitors, such as, chitin oligosaccharide and chitosan, also induced defense responses in plants (Ye et al., 2020).

Guard cells perceive hormones (e.g., ABA) or elicitors (flg22) by their respective receptors. Upon binding to ABA or flg22, the receptor kinases (e.g., open stomata 1 or botrytis-induced kinase 1) activate RbohD/F and stimulate reactive oxygen species (ROS) production during stomatal closure. However, the role of RBOHD in resistance against pathogens, particularly during pre-invasive stage is not clear. The elevated ROS, in turn, trigger a rise in nitric oxide (NO) and Ca2+. The interaction of these secondary messengers (ROS/NO/Ca2+) regulates the downstream components in guard cells. Both NO and Ca2+ (via Ca2+-dependent protein kinases) promote the ion efflux by activating K+ out, SLAC1, and SLAH3 channels and at the same time inhibit the K-influx channel (Arnaud and Hwang, 2015; Agurla et al., 2018; Kohli et al., 2019; Sun et al., 2019). Similarly, ROS and Ca2+ activate Ca2+ influx and increase cytosolic Ca2+ levels (Klüsener et al., 2002). The elevated ROS, NO, Ca2+ and H2S provide an extended pathogen resistance (Gahir et al., 2020; Liu and Xue, 2021). Cytosolic pH is another secondary messenger that preceded the production of ROS and NO in guard cells, but the exact mechanism is ambiguous (Gonugunta et al., 2009; Bharath et al., 2021). It is necessary to study if such changes in pHcyt can modulate the pathogen resistance as well.



Stomatal Closure Associated With the Modulation of Plant Hormones

Stomatal closure during drought or microbial infection was associated with an increase in plant hormones. Salicylic acid (SA), ABA, methyl jasmonate (MJ), and ethylene (ET) accumulate when microbes attack plants. The concerted action of these hormones causes stomatal closure and induces systemic resistance (Gimenez-Ibanez et al., 2016; van Butselaar and Van den Ackerveken, 2020; Bharath et al., 2021). The modulated hormonal status provides long-term protection to plants against biotic and abiotic stress (Described below).




DISCUSSION


Closure Triggers a Network of Long-Term Events to Ensure the Protection

Stomatal closure in response to microbial infection is an immediate physical measure to prevent microbial entry. However, such closure has long-term effects, such as, a marked decrease in the intercellular CO2 of leaves, a reduction in photosynthetic carbon assimilation, and an elevation in photo respiratory activity. The reduction in transpiration can cause mineral deficiency in leaves. We describe below the consequences of these events and a few associated components.


Decrease in Photosynthesis and Increase in Photorespiration and Peroxisomal Population

When stomata close, the intercellular CO2 is lowered, and transpiration decreased, raising the leaf temperature. Both these factors enhance photorespiration. The increase in photorespiration occurred under conditions of biotic (microbial infection) or abiotic stress (drought) (Lal et al., 1996; Pascual et al., 2010; Voss et al., 2013; Vo et al., 2021). Even fluctuations in transpiration triggered an increase in photorespiration (Furutani et al., 2020). The enhanced photorespiration and the associated rise in H2O2 could confer disease resistance (Taler et al., 2004; Kubo, 2013; Sørhagen et al., 2013). Further, glycolate, glyoxylate, and glycine, being pathway intermediates, accumulate. Glycolate and glyoxylate are toxic to living cells and can double up as antimicrobial compounds. Glycine is the precursor of glutathione, an essential anti-oxidant in plant cells. Photo respiratory enzymes/metabolites mediated the plant defense during tomato-Pseudomonas syringae interactions (Ahammed et al., 2018). Thus, photo respiratory metabolism could help to resist pathogens.

The enhanced photorespiration was often associated with an increase in the peroxisomal population in leaf cells (Chen et al., 2016). Peroxisomal ROS could protect against plant pathogens (Sørhagen et al., 2013). Besides ROS, other components of peroxisomes, namely NO, Ca2+, and polyamines (PA), upregulated the genes involved in SA signaling and PA catabolism, reinforcing plant defense responses (Chen et al., 2016; Wang et al., 2019).



Stomatal Closure Lowers Leaf Sugars

Stomatal closure, whether due to pathogen attack or drought, causes reduced CO2 assimilation and decreased carbon partitioning into sucrose and starch (Wang et al., 2016; Haider et al., 2017). The pathogens required sugars for growth and infection (Solomon et al., 2003; Scharte et al., 2005; Chang et al., 2017). If sufficient sucrose is not available, the extent of proliferation would be restricted (Huai et al., 2020). Therefore, the deficiency in sugar availability lead to decreased fungal growth (Bezrutczyk et al., 2018).



Reduced Transpiration Creates Mineral Deficiency

Transpiration is a prerequisite for long-distance transport of minerals (Ruiz and Romero, 2002). A deficiency of minerals would occur when stomata are closed. There was a positive relationship between the transpiration rate and mineral content of sunflower (Helianthus annuus) and maize leaves (Tanner and Beevers, 2001; Shrestha et al., 2021). Since microbial spread and multiplication within leaves depend on macronutrients/micronutrients, the mineral deficiency could affect microbial growth and enhance pathogen tolerance (Fernández-Escobar, 2019). The N-status of leaves modulated defense-related hormones, NO content, and then genes (Sun et al., 2020). The deficiency of N increased the levels of phenolics and restricted the spread of powdery mildew (Bavaresco and Eibach, 1987). A similar situation under K+-deficiency was reported with leaf spot, caused by Helminthosporium cynodontis (Richardson and Croughan, 1989). Other examples of mineral deficiency that favor pathogen resistance were zinc (Cabot et al., 2019) and iron (Trapet et al., 2021). Readers can find a detailed description of the dual role of the macro-and micronutrients for the infection by bacterial and fungal pathogens elsewhere (Huber et al., 2012).



Continuing Effects of Secondary Messengers, Plant Hormones, and Secondary Metabolites

The secondary messengers produced during stomatal closure can continue to protect plants. For example, the combination of ROS/NO/Ca2+ was quite effective in limiting the spread and multiplication of microbes within the leaf. These secondary messengers trigger hypersensitive response (HR), synthesis of pathogenesis-related (PR) proteins, and programmed cell death (PCD) (Serrano et al., 2015; Marcec et al., 2019). Besides NO, H2S produced during stomatal closure could confer pathogen resistance (Vojtovič et al., 2020). It is possible that these components ROS/NO/Ca2+ can also induce priming effect individually or in combination.

When plants were infected by pathogens, the leaves responded by modulating the hormones, which interacted with each other to impart a long-lasting response. Plant hormones (e.g., SA, methyl salicylate, MJ) and even PAs could induce systemic resistance (Bürger and Chory, 2019; Chen et al., 2019; Seifi et al., 2019; Yuan et al., 2019). These hormones (ABA/MJ/SA) primed the plant tissue to stand against pathogens (Agostini et al., 2019; Feng et al., 2020). These observations open up several exciting lines of work for further research.

Several secondary metabolites produced by the plants are prominently associated with protection against bacterial, fungal, and viral attacks. The elevated levels of H2O2, NO, and Ca2+ induced accumulation of secondary metabolites like wax, callose, alkaloids, flavonoids, phenols, and PAs, reinforcing the protection against infection (Walters, 2003; Luna et al., 2011; Zaynab et al., 2018; Lewandowska et al., 2020). The PAs also prime the plants against Botrytis (Janse van Rensburg et al., 2021). Similarly, allyl isothiocyanate (AITC) keeps microbes like P. syringae out by inducing stomatal closure (Bednarek, 2012).





CONCLUSION AND FUTURE PERSPECTIVE

Stomatal closure erects a physical barrier providing immediate relief against the entry of microbial pathogens into leaves while decreasing the rates of photosynthesis and transpiration. The closure has long-term consequences (Figure 1). The restricted CO2 supply to the mesophyll cells lowers the rate of photosynthesis, stimulates photorespiration and associated H2O2 production. The elevated levels of H2O2, along with NO, H2S, and Ca2+, can upregulate genes involved in HR, PR, and PCD to prevent the spread of pathogens within the leaf. These reactive molecules also promote the accumulation of antimicrobial secondary metabolites. Parallelly, reduced transpiration creates mineral deficiency and limits microbial growth. We suggest that stomatal closure is a trigger to set off long-term events involved in prolonged plant disease resistance.


[image: Figure 1]
FIGURE 1. Schematic representation of events associated with stomatal closure. The closure restricts microbial entry during the short term, while the events initiated during closure contribute to long-term adaptation against microbes. On sensing the microbial elicitor molecules, the guard cells trigger a rise in ROS, NO, Ca2+, and H2S. These secondary messengers cause ion-efflux from guard cells and stomatal closure. As a consequence of closure, the entry of CO2 and transpirational H2O loss are restricted, leading to increased photorespiration, decreased leaf sugars, and mineral deficiency. All these events help in restricting microbial multiplication, spread, and growth. The disturbed hormonal status and reactive molecules ensure continued protection by upregulating PR/HR/PCD genes and promoting the levels of antimicrobial secondary metabolites. Arrow represents an increase and ⊣ indicates a decrease.


We know that stomatal closure may not be a universal mechanism to fight the microbial attack, e.g., root or stem pathogens. But several pathogens are air-borne and land on leaves (Melotto et al., 2008; Zeng et al., 2010). Plant-microbe interactions are not unilateral since the pathogens try to reopen stomata using compounds, such as, coronatine (Arnaud and Hwang, 2015). Further work is needed to understand the implications of stomatal closure on the antagonizing responses by the pathogens. Peroxisomal H2O2 limits microbial growth, but there are instances when microbes use peroxisomes to their advantage (Kubo, 2013). An improved understanding of peroxisomes and manipulation through biotechnological techniques could open up possibilities of designing plants for long-term adaptation to stress conditions. We believe that stomatal guard cells are ideal for studying plants' short-and long-term responses to challenging stress situations. Stomatal closure can be exploited to improve crop growth and grain yield under environmental stress conditions. In crops such as, wheat and rice, reduced water requirement due to stomatal closure was used as one of the physiological traits in crop breeding (Park et al., 2020; Paul et al., 2020). Further studies on the long-term effects of stomatal closure can be translated into additional field applications.
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Stomatal guard cells (GCs) are highly specialized cells that respond to various stimuli, such as blue light (BL) and abscisic acid, for the regulation of stomatal aperture. Many signaling components that are involved in the stomatal movement are preferentially expressed in GCs. In this study, we identified four new such genes in addition to an aluminum-activated malate transporter, ALMT6, and GDSL lipase, Occlusion of Stomatal Pore 1 (OSP1), based on the expression analysis using public resources, reverse transcription PCR, and promoter-driven β-glucuronidase assays. Some null mutants of GC-specific genes evidenced altered stomatal movement. We further investigated the role played by ALMT6, a vacuolar malate channel, in stomatal opening. Epidermal strips from an ALMT6-null mutant exhibited defective stomatal opening induced by BL and fusicoccin, a strong plasma membrane H+-ATPase activator. The deficiency was enhanced when the assay buffer [Cl–] was low, suggesting that malate and/or Cl– facilitate efficient opening. The results indicate that the GC-specific genes are frequently involved in stomatal movement. Further detailed analyses of the hitherto uncharacterized GC-specific genes will provide new insights into stomatal regulation.

Keywords: ALMT6, Arabidopsis, blue light, malate, proton pump, stomatal opening


INTRODUCTION

Stomata that are formed by pairs of guard cells (GCs) in the shoot epidermis of plants are key regulators of gas exchange, such as CO2 uptake for photosynthesis and water loss during transpiration (Shimazaki et al., 2007; Munemasa et al., 2015). GCs respond to internal and external signals, such as light, CO2, phytohormones, and microbial elicitors, where the stomata remain either open or close (Murata et al., 2015; Inoue and Kinoshita, 2017). Many critical signaling components that are involved in GC signaling are preferentially expressed in GCs, such as Open Stomata 1 (OST1) (Mustilli et al., 2002), slow anion channel-associated 1 (SLAC1) (Negi et al., 2008; Vahisalu et al., 2008), high leaf temperature 1 (HT1) (Hashimoto et al., 2006), and aluminum-activated malate transporter 12 (ALMT12) (Meyer et al., 2010; Sasaki et al., 2010), suggesting that GC-specific genes are important candidates in hunting for new GC signaling components.

Blue light (BL) and red light (RL) are major cues for stomatal opening (Shimazaki et al., 2007; Inoue and Kinoshita, 2017). On BL perception, phototropins undergo autophosphorylation, which triggers signaling by BLUS1, BHP1, type 1 protein phosphatase (PP1), and its regulatory subunit PRSL1, in turn leading to phosphorylation of the penultimate threonine (penThr) residues of the plasma membrane (PM) H+-ATPases, and the subsequent binding of 14-3-3 proteins activates the H+-ATPases. More recently, RL was shown to induce the activation of GC PM H+-ATPases by phosphorylation (Ando and Kinoshita, 2018). PM H+-ATPases are important in terms of stomatal movement; the activation induces PM hyperpolarization, triggering a K+ influx through inward-rectifying K+ channels (Shimazaki et al., 2007; Inoue and Kinoshita, 2017). Together with the accumulation of K+, the increase of counter anions, such as malate, biosynthesized in GCs and/or apoplast and Cl– from apoplast, and other osmolytes, such as sucrose, lower the water potential in GCs, leading to an inflow of water, the swelling of GCs, and eventually the stomatal opening (Shimazaki et al., 2007; Santelia and Lawson, 2016). Recently, it has been shown that the activation of PM H+-ATPases occurs upstream of starch degradation associated with BL-induced stomatal opening; this, combined with CO2 fixation in GC chloroplasts, yields the carbon skeletons required for malate synthesis (Horrer et al., 2016). Vacuoles accumulate most of the ions and water that control stomatal movement (Barbier-Brygoo et al., 2011). The electrophysiological experiments revealed that the ALMT6 and ALMT9 vacuole channels facilitated malate and Cl– import (Meyer et al., 2011); ALMT9 played a critical role in the light-induced stomatal opening (De Angeli et al., 2013).

To identify new signaling components involved in the light-induced stomatal opening, we reasoned that GC preferentially expressed genes are good candidates and identified four new such genes by the analyses of public resources, reverse transcription PCR (RT-PCR), and promoter GUS assay in Arabidopsis thaliana. Functional analysis revealed that some of the GC-specific genes in addition to ALMT6 are critical in the light-induced stomatal opening.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

All A. thaliana strains were grown in soil under a photon flux density of 50 μmol m–2 s–1 and a 16-h-light/8-h-dark regime. The temperature and the relative humidity were 23 ± 2°C and 55–70%, respectively. All mutants [at5g18430 (SALK_116756), almt6-1 (GABI_259D05; Meyer et al., 2011), at1g33811 (GABI_492D11), osp1-1 (SALK _106116; Tang et al., 2020), and at3g23840 (GABI_180G04)] are in the Columbia ecotype background (Col-0).



Isolation of Guard Cell Protoplasts and Mesophyll Cell Protoplasts

Guard cell protoplasts (GCPs) and mesophyll cell protoplasts (MCPs) were isolated from glabra1-1 (gl1) as described previously (Okumura et al., 2016).



Reverse Transcription PCR

RNAs from gl1 GCPs, MCPs, rosette leaves, roots, petioles, stems, flowers, and etiolated seedlings were extracted using the RNeasy Plant Mini Kit (QIAGEN) according to the protocol of the manufacturer. Complementary DNA was synthesized using the PrimeScript II 1st strand cDNA Synthesis Kit (Takara). The PCR primers are listed in Supplementary Table 1.



Promoter GUS Assay

The promoter regions (3-kb upstream of the start codons) of AT5G18430, ALMT6, AT1G33811, OSP1, AT3G23840, and AT3G17070 were amplified in two PCR steps using the primers listed in Supplementary Table 2 and cloned into pCR8/GW/TOPO followed by subcloning into pGWB433 binary vector. The vectors were transformed into Agrobacterium GV3101, which were then used to transform Col-0 by floral dip. Transformants were selected using kanamycin and carbenicillin and subjected to GUS staining at various developmental stages.



Stomatal Aperture Measurement

The stomatal aperture measurement was performed as described previously (Tomiyama et al., 2014; Toh et al., 2018). Epidermal tissues and leaf disks were prepared from dark-adapted plants and subjected to light illumination and fusicoccin (FC) treatment. The apertures were measured under a microscope (Olympus).



Immunohistochemical Staining of Plasma Membrane H+-ATPase in Guard Cells

The immunohistochemical staining was performed as described previously (Hayashi et al., 2011). Epidermal tissues were prepared from dark-adapted plants and subjected to light illumination and FC treatment. RL (50 μmol m–2 s–1) was illuminated for 20 min (Red), and BL (10 μmol m–2 s–1) was illuminated with superimposed on RL for 2.5 min (Red + Blue). FC at 10 μM was applied to the epidermal tissue for 5 min in the dark (FC). PM H+-ATPases and the phosphorylation level of the penThr were detected using specific antibodies against the catalytic domain of AHA2 (anti-PM H+-ATPase antibody) and phosphorylated Thr-947 in AHA2 (anti-pThr) (Hayashi et al., 2010).



Accession Numbers

Sequence data can be found in the Arabidopsis genome database TAIR10 under the following accession numbers: ALMT6 (AT2G17470), OSP1 (AT2G04570), ALMT9 (AT3G18440), AT1G02980, AT1G12030, AT1G33811, AT2G32830, AT3G17070, AT3G23840, and AT5G18430.



RESULTS


Genes Preferentially Expressed in Arabidopsis Guard Cells

We analyzed publicly available microarray data on GCPs and MCPs (Yang et al., 2008), and those of the Arabidopsis eFP browsers1. The inclusion criteria were as follows: (1) a microarray GCP signal unique to GCPs or at least fourfold higher than the MCP signal and (2) the “Tissue-Specific” criteria of the Arabidopsis eFP browsers indicated GC-specific expression. We retrieved 124 candidate genes and checked their expression levels by RT-PCR in various cells, tissues, and organs of A. thaliana (Figure 1A). A total of 10 genes were strongly expressed in GCPs but not in MCPs and roots; these included SLAC1, the cation/H+ exchanger-encoding AtCHX20, and genes encoding the GDSL lipases OSP1 and ALMT6 (which are preferentially expressed in GCs; Padmanaban et al., 2007; Negi et al., 2008; Vahisalu et al., 2008; Tang et al., 2020) and six functionally uncharacterized genes. The RT-PCR data for OSP1, ALMT6, and the uncharacterized genes are shown in Figure 1B.
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FIGURE 1. Guard cell (GC)-preferentially expressed genes. (A) The plant organs, tissues, and cells used in the analysis. (B) GC-preferentially expressed genes as revealed by RT-PCR using the materials shown in panel (A). (C) GC-preferentially expressed genes in GUS-reporter-bearing plants.


To further confirm preferential GC expression in intact plants, we constructed transgenic plants expressing the reporter β-GUS-encoding gene driven by promoter regions ranging to about 3-kb upstream of the start codons. pALMT6:GUS and pOSP1:GUS exhibited the high-level GUS activity in GCs (in particular) (Figure 1C), consistent with previous findings (Meyer et al., 2011; Tang et al., 2020). Also, the AT1G33811, AT3G23840, AT3G17070, and AT5G18430 promoters drove GC-preferential GUS expression (Figures 1C, 2A). The ALMT6, AT1G33811, OSP1, AT3G17070, and AT3G23840 promoters drove GUS expression in stipules, lateral roots, and trichomes (Figure 3A); however, the AT5G18430 promoter was active in GCs only (Figure 2A). The AT1G12030 and AT2G32830 promoters never drove GUS expression, rendering the analyses difficult. This is probably due to the lack of or weak activity of the 3-kb upstream promoter regions of these two genes.
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FIGURE 2. Expression of At5g18430 and the stomatal phenotype of the at5g18430 mutant. (A) Expression pattern of At5g18430 in GUS-reporter-bearing plants. (B) The stomatal phenotype of the at5g18430 mutant. Left: A schematic of the T-DNA insertion site in at5g18430 and the transcript levels in leaves. Right: blue light (BL)-induced stomatal opening in Col-0 and at5g18430 epidermal tissues. The red bar indicates the red light (RL) illumination period (50 μmol m–2 s–1). The blue bar indicates the BL illumination period (10 μmol m–2 s–1). Epidermal tissues were incubated in 50 mM KCl, 0.1 mM CaCl2, and 10 mM Mes-BTP (pH 6.5). Averages from three independent experiments are shown. Error bars: SDs (n = 3).
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FIGURE 3. Expression patterns of GC-preferentially expressed genes and the stomatal phenotypes of knockout mutants. (A) Gene expression in tissues other than stomata as revealed by the GUS-reporter assay. (B) Upper panels show the RT-PCR of target genes. Lower graphs show BL-induced stomatal opening in at3g23840, at1g33811, and osp1-1 null mutants. Epidermal tissues (at3g23840 and at1g33811 mutants) or leaf disks (osp1-1 mutant) were incubated in 50 mM KCl, 0.1 mM CaCl2, and 10 mM Mes-BTP (pH 6.5). Dark bars, dark treatment for 3 h (Dk); white bars, light treatment for 3 h (RL, 50 μmol m–2 s–1; BL, 10 μmol m–2 s–1) (Lt). Average values from three independent experiments are shown. Error bars: SDs (n = 3).




Stomatal Phenotypes of Null Mutants of Genes Preferentially Expressed in Guard Cells

We prepared null mutants of OSP1, AT1G33811, AT3G23840, AT3G17070, and AT5G18430. Although we failed to obtain the knockout mutants of at3g17070 (SALK_121694), the null mutants of at5g18430 (SALK_116756) and at3g23840 (GABI_180G04) were impaired in BL-induced stomatal opening (Figure 2B) and light-induced stomatal opening (Figure 3B), respectively. Interestingly, the stomata of at1g33811 (GABI_492D11) null mutant were open even in the dark (Figure 3B). The null mutant of OSP1, i.e., osp1-1, exhibited a normal stable-status stomatal opening in the light (Figure 3B and Supplementary Figure 1), which is consistent with a previous report (Tang et al., 2020). Thus, the previously uncharacterized GC-specific genes AT1G33811, AT3G23840, and AT5G18430 may be involved in stomatal movement.



Characterization of the ALMT6-Null Mutant in Terms of Blue Light-Induced Stomatal Opening

The ALMT6 is a vacuolar malate channel (Meyer et al., 2011). We explored the stomatal movements of the almt6-1 mutant in detail. The expression of ALMT9 in GCs is not altered in almt6-1 (Supplementary Figure 2). As shown in Figure 4A, the stomata of almt6-1 were slightly narrower than wild type under the dark and RL condition, as well as opened but less efficiently to a similar size of those of wild type on BL illumination. Less efficiency of almt6-1 stomatal opening in response to 10 μM FC, an activator of PM H+-ATPase, was more prominent compared with the case of BL-induced stomatal opening (Figure 4B). Stomatal apertures in the almt6-1 mutant were comparable to those in wild type when epidermal peels were treated with light or FC for more than 3 or 4 h, respectively (Figures 4A,B). Thus, ALMT6 may be required for stomatal opening induced by BL and FC. It is worthy of note that usually BL-insensitive mutants, such as phot1 phot2 double mutant, show completely insensitive phenotype to BL but open normally in response to FC (Kinoshita et al., 2001). The less efficient phenotype of stomatal opening in almt6-1 is very similar to a kincless mutant (Lebaudy et al., 2008) and aks1 aks2 mutant (Takahashi et al., 2013), which shows the low activity of PM inward K+ channels in GCs, suggesting that the deficient of ion transport for stomatal opening leads to less efficiency of stomatal opening.
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FIGURE 4. Stomatal phenotypes in wild-type Col-0 and almt6-1 mutant. (A) BL-induced stomatal opening in wild-type Col-0 and almt6-1 mutant epidermal tissues. Red bar: RL illumination period (50 μmol m–2 s–1). Blue bar: BL illumination period (10 μmol m–2 s–1). (B) Fusicoccin (FC)-induced stomatal opening in Col-0 and almt6-1 epidermal tissues. In panels (A,B), epidermal tissues were incubated in 50 mM KCl, 0.1 mM CaCl2, and 10 mM Mes-BTP (pH 6.5) and then subjected to light and 10 μM FC treatments. (C) BL-induced stomatal opening in low Cl– (0.2 mM) buffer of Col-0 and almt6-1 epidermal tissues. Epidermal tissues were incubated in 50 mM potassium gluconate, 0.1 mM CaCl2, and 10 mM Mes-BTP (pH 6.5). Averages from three independent experiments are shown. Error bars: SDs (n = 3). The other conditions are those in panel (A). (D) Immunohistochemical detection of BL- and 10 μM FC-induced phosphorylation of PM H+-ATPase in Col-0 and almt6-1 GCs. GC fluorescence was quantified using an anti-pThr antibody and Alexa Fluor 488-conjugated secondary antibody as described in section “Materials and Methods.” Bars: Averages from three independent experiments. Error bars: SDs (n = 3). a.u., arbitrary units.


The ALMT6 transports (principally) malate and fumarate but Cl– to a lesser extent (Meyer et al., 2011); we thus explored how Cl– affected BL-induced stomatal opening. The usual stomatal assay buffer contains 50 mM KCl, 0.1 mM CaCl2, and 10 mM Mes-BTP (pH 6.5). To exclude exogenous Cl–, we evaluated stomatal opening in a buffer with 50 mM potassium gluconate, 0.1 mM CaCl2, and 10 mM Mes-BTP (pH 6.5). Gluconate does not readily cross the PM. Figure 4C shows that the 3-h BL-induced stomatal opening at a low [Cl–] was impaired in the almt6-1 mutant in terms of both speed and amplitude.



Blue Light- and FC-Induced Phosphorylation of Plasma Membrane H+-ATPase in the almt6-1 Mutant

Both BL and FC induce the phosphorylation of the penThr of PM H+-ATPases, in GCs, which provides a driving force for stomatal opening (Inoue and Kinoshita, 2017). Thus, we immunohistochemically investigated the effects of BL and FC on the phosphorylation status of GC PM H+-ATPase; such phosphorylation was not impaired in the almt6-1 mutant (Figure 4D). The amount of PM H+-ATPase in almt6-1 under BL and FC was comparative to that in wild type (Supplementary Figure 3). The almt6 mutation did not affect PM H+-ATPase phosphorylation and amount in response to BL and FC.



DISCUSSION

In this study, we identified 10 genes including SLAC1, Cation/H+ Exchanger AtCHX20, GDSL lipases OSP1 and ALMT6, preferentially expressed in GCs based on the analyses of public resources, RT-PCR, and promoter GUS assay (Figures 1–3). Of these, AT1G33811, AT3G17070, AT3G23840, and AT5G18430 have not been functionally characterized in stomata. Among these four genes, three genes, namely, AT1G33811, AT3G23840, and AT5G18430, were found involved in the stomatal movement (Figures 2, 3). Remarkably, two of them, AT1G33811 and AT5G18430, are members of the GDSL family of serine esterases/lipases (Akoh et al., 2004), indicating the importance of this family in regulating stomatal movement. Tang et al. (2020) found that a GDSL lipase, i.e., OSP1, is preferentially expressed in GCs, and osp1 mutants showed low stomatal conductance and high leaf temperature due to a high percentage of occluded stomata. Detail biological and/or biochemical analyses revealed that OSP1 is required for wax biosynthesis and proper formation of the stomatal outer cuticular ledge (Tang et al., 2020). Interestingly, osp1 mutants were also impaired in abscisic acid (ABA)-induced stomatal closure, indicating a potential role of OSP1 in stomatal movement (Tang et al., 2020). It would be very interesting to investigate whether AT1G33811 and AT5G18430 have similar functions as OSP1. AT3G23840, previously named as CER26-like, is probably related to very long-chain fatty acid metabolism (Pascal et al., 2013), and a knockout mutant, at3g23840, showed reduced light-induced stomatal opening (Figure 3B). Future study is needed to provide a detailed mechanism mediated by those genes in stomatal movement.

The detailed analyses of expression pattern by GUS-reporter assay of ALMT6, OSP1, AT1G33811, AT3G17070, AT3G23840, and AT5G18430 revealed that promoter regions, i.e., 3-kb upstream of the start codon, drive GC-preferential gene expression with AT5G18430 promoter showing the most GC-selective property (Figures 1–3). The 1-kb upstream region of the AT3G23840 start codon was promoter-active in flowers (Pascal et al., 2013). The 3-kb promoter region of AT3G23840 studied here showed strong GC signals in addition to flower (Figure 1B). The 3-kb promoter region of ALMT6 studied here was more GC-specific than a 1.8-kb region used previously, which exhibited strong activities in floral tissues, such as sepals, petals, and anthers (i.e., not only GCs; Meyer et al., 2011) (Figures 1C, 3A). These results suggest that specific elements and their patterns determine the GC-specific activity of promoters. So far, several GC-preferentially expressed genes, such as GC1 (Yang et al., 2008) and MYB60 (Cominelli et al., 2005), were reported. However, these genes were out of our strict criteria, indicating that the genes reported in this study are more specific in GCs (Supplementary Figure 4). Cell type-specific promoters are important tools to study gene function and of great application potential (Imlau et al., 1999; Yang et al., 2008; Wang et al., 2014). The promoters identified in this study thus add the options for promoter engineering for GC-specific gene regulation.

Both ALMT6 and ALMT9 were initially identified as channels mediating malate accumulation in vacuoles (Kovermann et al., 2007; Meyer et al., 2011). Later, ALMT9 was shown to be a Cl– channel regulated by cytosol malate and to be required for the light-induced stomatal opening (De Angeli et al., 2013). As shown in Figures 4A,B, almt6-1 mutant opened stomata with less efficiency in response to BL illumination and FC treatment, suggesting that ALMT6 is also required for BL- and FC-induced stomatal opening. Notably, almt6-1 mutant showed significant impairment in BL-induced stomatal opening under low Cl– condition (Figure 4C), suggesting that ALMT6, such as ALMT9, also contributes Cl– influx to vacuole during stomatal opening. Since both almt6 and almt9 single mutants are impaired in the light-induced stomatal opening and there is no compensation of ALMT9 expression in almt6 (Supplementary Figure 2), it is possible that ALMT6 and ALMT9 function in an additive and/or cooperative manner. In the cooperative mode, a bold hypothesis is that ALMT6 and ALMT9 form heteromeric channels mediating anion accumulation in GC vacuoles as they were shown to form tetramer channels in heterosystems (Zhang et al., 2013). Future electrophysiological and genetic studies such as phenotyping using almt6 almt9 double mutant are needed to clarify the contribution of ALMT6 and ALMT9 in stomatal opening.

In this study, we identified preferentially expressed genes in GCs and found that some uncharacterized genes are involved in stomatal movement. Especially, to our knowledge, AT5G18430 shows the most specific expression in GCs. In addition, we showed evidence that ALMT6 is important for BL- and FC-induced stomatal opening. Further detailed analyses of the uncharacterized GC-specific genes will provide novel understandings for stomatal movement.
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Stomata are micropores that allow plants to breathe and play a critical role in photosynthesis and nutrient uptake by regulating gas exchange and transpiration. Stomatal development, therefore, is optimized for survival and growth of the plant despite variable environmental conditions. Signaling cascades and transcriptional networks that determine the birth, proliferation, and differentiation of a stomate have been identified. These networks ensure proper stomatal patterning, density, and polarity. Environmental cues also influence stomatal development. In this review, we highlight recent findings regarding the developmental program governing cell fate and dynamics of stomatal lineage cells at the cell state- or single-cell level. We also overview the control of stomatal development by environmental cues as well as developmental plasticity associated with stomatal function and physiology. Recent advances in our understanding of stomatal development will provide a route to improving photosynthesis and water-stress resilience of crop plants in the climate change we currently face.
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INTRODUCTION

When plants transition from water to land, they became more exposed to carbon dioxide (CO2) and arid conditions. The evolution of stomata enabled plants to respond to the increased CO2 availability and limit water loss, ensuring their survival on land. Stomata are micropores on plant surface that are surrounded by two guard cells. These stomata open and close to facilitate gas exchange between plant inner tissues and the environment. Optimal gas exchange and water usage require efficient allocation of leaf surface to stomata. Improper stomatal patterning and density result in a change in mesophyll tissues and the epidermal area, affecting photosynthesis (Chen et al., 2016). Stomatal development, therefore, is tightly regulated to ensure there is no loss in photosynthesis efficiency.

Stomata are found in most land plants (Duckett and Pressel, 2018), and the basic morphology is highly conserved (Chen et al., 2017). Most land plants, including Arabidopsis and grasses, undergo stomatal lineage progression and bear similar molecular components despite their substantial differences in morphology and arrangements (Raissig et al., 2016; Hepworth et al., 2018; Conklin et al., 2019; McKown and Bergmann, 2020). In dicotyledonous Arabidopsis, stomatal development initiates from a subset of protodermal cells, meristemoid mother cells (MMCs), which gain stem-cell fate (Figure 1). These MMCs undergo several rounds of amplifying division, where asymmetric division occurs in an inward spiral manner. Each round of asymmetric division yields a small daughter cell, a meristemoid, and a large daughter cell, a stomatal lineage ground cell (SLGC). Meristemoids become guard mother cells (GMCs) which further undergo a single round of symmetric division and differentiation. This process produces two mirror-symmetric guard cells with a pore in the center. SLGCs can continue with spacing division, in which they divide asymmetrically to generate satellite stomata, or they can differentiate into pavement cells (Han and Torii, 2016; Lee and Bergmann, 2019). The stomatal complexes of monocotyledonous grass species are distinct from those in eudicot. Dumbbell-shaped guard cells are accompanied by subsidiary cells, arranged in parallel to the leaf vein, and develop without stem cell-like meristemoid cells. The initiation of stomatal lineage by an asymmetric division of the precursor cells directly produces GMCs. The neighboring cells of the newly formed GMCs acquire subsidiary mother cell (SMC) fate and establish polarity toward the adjacent GMC. After the SMCs asymmetrically divide and differentiate into subsidiary cells, the GMCs divide symmetrically to generate a pair of guard cells. Two guard cells and subsidiary cells together form a dumbbell-shaped stomatal complex (Hepworth et al., 2018; Nunes et al., 2020).

[image: Figure 1]

FIGURE 1. A current model for Stomatal development in Arabidopsis. Stomatal lineage progression is mediated by a sequential action of the developmental stage-specific transcription factors. SPCH/SCRM are responsible for lineage specification and proliferation; MUTE/SCRM for fate commitment; FAMA/SCRM for differentiation and maturation. Developmental and environmental signals primarily modulate the first step mediated by SPCH/SCRM. A subunit of the RNA polymerase II complex and associated proteins interact with core transcription factors. Direct targets for MUTE and FAMA are denoted by asterisks in red and orange, respectively. Cells highlighted in purple indicate stomatal lineage precursors. Cells highlighted in blue are late meristemoids and GMCs. Cells highlighted in green are immature and mature guard cells. Colored arrows indicate positive regulation of transcription factors. Colored, inverted Ts indicate negative regulation of transcription factors. Arrows and closed lines in gray indicate developmental and environmental factors regulating transcription factors or stomatal lineage cells. A dotted line indicates potential regulation. SPCH, SPEECHLESS; SCRM, ICE1/SCRM2; FLP, FOUR LIPS; RPA2A, a core subunit of Replication Protein A complexes; SCAP1, STOMATAL CARPENTER 1; RBR1, RETINOBLASTOMA-RELATED 1; PRC2, Polycomb Repressive Complex 2; EPF, Epidermal Patterning Factor; G1/S G2M, phases of cell cycle.


Stomatal development is sequentially controlled by three basic helix–loop–helix (bHLH) transcription factors, SPEECHLESS (SPCH), MUTE, and FAMA. These transcription factors work together with their heterodimeric partners SCRM (ICE1) and SCRM2 (Ohashi-Ito and Bergmann, 2006; MacAlister et al., 2007; Pillitteri et al., 2007; Kanaoka et al., 2008; Figure 1). The SPCH/SCRM heterodimer determines stomatal fate and maintains the proliferation step by promoting asymmetric division (MacAlister et al., 2007). The MUTE/SCRM dimer terminates the proliferative state initiated by SPCH/SCRM and drives differentiation of meristemoids to GMCs (Pillitteri et al., 2007). The FAMA/SCRM dimer induces guard cell differentiation and restricts the last symmetric division to form a pair of guard cells (Ohashi-Ito and Bergmann, 2006). Two closely related R2R3 MYB transcription factor genes, FOUR LIPS (FLP) and MYB88, function in a semi-redundant manner with FAMA in differentiation and coordination of the terminal symmetric cell division (Geisler et al., 1998).

bHLH genes regulating stomatal development are well conserved across the land plants (Liu et al., 2009). However, their function is alternatively wired among different species to accommodate the fundamental difference in the patterning and shape of stomatal complexes. In particular, two copies of SPCH that function redundantly at the entry of stomatal lineage are found in Brachypodium and rice (Raissig et al., 2016). In contrast to Arabidopsis, MUTE protein in grass species can move from GMCs to the adjacent cells (Raissig et al., 2017; Wang et al., 2019; Wu et al., 2019). This lateral movement of MUTE establishes the identity of SMCs and drives the differentiation of subsidiary cells in a non-cell-autonomous fashion (Nunes et al., 2020).

Expression profiling of stomatal lineage cells at different developmental stages has revealed dynamic changes in the transcriptomes (Pillitteri et al., 2011; Adrian et al., 2015; Zhu et al., 2020; Ho et al., 2021). Moreover, direct target genes of the three master transcription factors have been identified (Hachez et al., 2011; Lau et al., 2014; Han et al., 2018). The recent advance in single-cell RNA-sequencing technology enables profiling spatiotemporal gene expression at the level of the individual stomatal lineage cells (Liu et al., 2020; Lopez-Anido et al., 2021). The systems-level analyses of stomatal lineage cells have deepened our understanding of how the developmental stage-specific transcriptional factors fulfill the developmental program.

Mitogen-Activated Protein Kinase (MAPK) cascades consist of YODA (YDA), MKK4/5/7/9, and MPK3/6. These cascades act upstream of the developmental stage-specific transcription factors (Bergmann et al., 2004; Wang et al., 2007). The activation of the MAPK cascade destabilizes SPCH and MUTE (Lampard et al., 2008; Qi et al., 2017). YDA-MPK3/6 MAPK signaling also plays a substantial role in establishing the cellular polarity required for asymmetric division and stomatal fate specification (Zhang et al., 2015, 2016). The molecular switch that either activates or suppresses the MAPK cascade, at least in part, consists of secreted epidermal patterning factor (EPF) peptides. EPF peptides are perceived by their corresponding cell-surface receptor complexes composed of the proteins belonging to the ERECTA family and their co-receptors TMM and SERK families (Torii, 2012). EPFs and their cognate receptors are conserved throughout the land plants (Caine et al., 2016; Hepworth et al., 2018). Functional studies of monocot species suggest that EPF1 and EPF2 inhibit, but EPFL9 enhances stomatal development, indicating that they are the functional ortholog of Arabidopsis EPFs (Franks et al., 2015; Hepworth et al., 2015; Wang et al., 2016; Hughes et al., 2017; Caine et al., 2019; Dunn et al., 2019; Mohammed et al., 2019). In addition, PANGLOSS1 and PANGLOSS 2 are Leucine-Rich-Repeat receptors in grasses and promote polarization of asymmetric SMC division (Cartwright et al., 2009; Facette and Smith, 2012; Facette et al., 2015). This result implies divergent receptor complexes perceive the extrinsic signal to modulate stomatal development.

Stomatal development is tightly controlled to ensure growth and survival and allows the plant to adapt to environmental changes. The current global climate changes could directly affect stomatal development and function and, thus, plant growth. CO2 is a gas that exacerbates the greenhouse effect and, therefore, global climate change (Lindsey, 2020). Temperature increases are often accompanied by drought stress due to enhanced water evaporation and changing rain patterns. Both excessive heat and drought stress negatively impact plant production. A significant loss (80–90%) in grain yield can result from warm temperatures during the plant reproductive stage (Hatfield and Prueger, 2015). Given the role of stomata in plant growth, further investigation of stomatal development and their response to environmental changes would provide a strategy that could enhance plant performance and productivity despite global climate change (Dow and Bergmann, 2014; Buckley et al., 2019).



TRANSCRIPTIONAL CONTROL OF STOMATA DEVELOPMENT


Initiation and Maintenance of Stomatal Lineage Stem Cells

Stomatal lineage specification initiates with the SPCH expression in a subset of protodermal cells. This expression defines MMCs and continues through several rounds of asymmetric division. Persistent SPCH activity is found in meristemoids. The molecular signature of meristemoids was found via transcriptome analysis of stomatal development mutants overwhelmingly composed of meristemoids (Pillitteri et al., 2011). Pillitteri et al. identified the polarity protein POLAR and found that the cytokinin signaling pathway involving ARRs and CLEs, and ERECTA-family receptor-like kinases were part of the molecular feature of stem-cell populations.

How SPCH contributes to the specification and proliferation of stomatal lineage cells has been uncovered by identifying the targets of SPCH. Genome-wide profiling of SPCH targets was conducted by analyzing the transcriptome of transgenic plants harboring SPCH under the control of an inducible promoter and chromatin immunoprecipitation sequencing (Lau et al., 2014). The key regulatory genes, including SCRMs, TMM, ERL2, EPF2, BASL, POLAR, and the ARK3/AtKINUa kinesins, and brassinosteroid biosynthetic and response genes were found to be regulated by SPCH. The other genes identified as SPCH targets include PHYTOCHROME-INTERACTING FACTOR 4 (PIF4; Lau et al., 2018), CLE9/10, and ARR16/17 (Vaten et al., 2018). These genes highlight the role of SPCH as an integrator conferring developmental flexibility of stomatal lineage in response to environmental or hormonal stimuli.



New Players and Refining the Paradigm

A recent study using single-cell transcriptome analysis of stomatal lineage cells has proposed an extended role for SPCH in reinforcing cell fate decisions (Lopez-Anido et al., 2021). SPCH appears to be expressed beyond the early stages of stomatal development and co-expressed with either MUTE or FAMA. This observation was supported by a reporter gene analysis showing the SPCH expression in GMCs and a small population of young guard cells. These findings contradict the existing paradigm that stomatal development proceeds with the sequential actions of the master transcription factors in each state of transition. Furthermore, the coding sequence of SPCH did not fully complement the spch null mutants due to the disrupted level and timing of SPCH expression. This lack of complement resulted in a reduced number of stomata and defects in fate commitment to GMCs. Similar defects were observed in knock-down mutants for SPCH by artificial microRNAs (miRNAs) expressed under the MUTE promoter. Time-lapse imaging visualizing SPCH and MUTE protein expression showed overlapping expression patterns in late meristemoids (Davies and Bergmann, 2014). These studies indicate that SPCH activity is required for proper conversion of meristemoids to GMCs. It remains elusive, however, how SPCH functions in the later stages of stomatal development.

Another scRNA-seq analysis of stomatal lineage cells identified 11 cell clusters of epidermal cells, including two cell types that cannot be classified with known marker genes (Liu et al., 2020). One of the unclassified epidermal cell types highly expresses transcription factors and displays relatively similar patterns to early meristemoids in the developmental trajectory, suggesting that variable cell populations may exist at early stomatal developmental stages. This study also suggests potential regulators of stomatal development and a possible genetic network: BASIC PENTACYSTEINE (BPC) gene family and WRKY33 genes are highly expressed in the MMC through GMC state. Higher-order BPC mutants exhibit defects in stomatal patterning and arrested precursors. Although SPCH was unaffected by the bpc sextuple mutants, the expression levels of SCRMs, MUTE, and FAMA were reduced. The detailed mechanism related to these transcription factors in stomatal development requires further investigation. Because the plant-specific BPCs family is involved in the recruitment of repressive histone-modifying complexes (Hecker et al., 2015; Mu et al., 2017; Xiao et al., 2017), it would be intriguing to test whether dynamic chromatin changes occur through the action of the BPC family during stomatal lineage progression.



MUTE, a Potent Inducer of Cell Cycle Regulators for Stomata

MUTE terminates the self-renewing meristemoid state initiated by SPCH. It triggers unidirectional differentiation accompanied by a single symmetric division to create a stomate surrounded by a pair of guard cells (Pillitteri et al., 2007). Genome-wide transcriptome analysis of transgenic plants in which MUTE is chemically induced (iMUTE) revealed a comprehensive MUTE-dependent gene expression profile (Han et al., 2018). MUTE shares the targets of stomatal genes with SPCH for continued lineage progression. MUTE directly induces SCRMs, ERL1, POLAR, and BASL-like SPCH. In contrast, the earlier EPF2 signal induced by SPCH is attenuated by MUTE activation. The expression of the common receptors (ERLs), however, is maintained to receive the EPF1 signal. These findings suggest that MUTE serves as a transcriptional switch for proper stomatal patterning. The majority of GO categories of genes up-regulated in the iMUTE plants include cell cycle and cell division, which is unique to the iMUTE transcriptome compared to that of iSPCH. MUTE directly induces expression of cell cycle activators, CDKs and cyclins, followed by the activation of cell cycle repressors, FAMA and FLP, which in turn ensures symmetric division occurs only once (Han et al., 2018).

The scRNA-seq analysis further defines the molecular signature of fate commitment at single-cell resolution by showing how cell state-specific transcription factors, chromatin remodelers, and cell cycle regulators are dynamically regulated (Lopez-Anido et al., 2021). After the onset of fate commitment is triggered by MUTE, phase transition of the cell cycle is observed in discrete clusters. There, MUTE (G1/S of the cell cycle) and FAMA (G2/M of the cell cycle) are exclusively expressed.

The R2R3-MYB transcription factor FLP functions redundantly with FAMA for stomatal differentiation and direct repression of the cell cycle genes (Xie et al., 2010; Lee et al., 2014b). Enhanced terminal symmetric division in a loss-of-function mutant of FLP exhibits paired stomata. Yang et al. have shown that the paired stomata phenotype of flp mutants can be suppressed by introducing the rpa2a mutation. The RPA2a subunit of the Replication Protein A (RPA) complexes is responsible for DNA replication, recombination, and repair, functions cooperatively with CDKB1s and CYCA2s in restricting terminal symmetric division and in maintaining DNA content and guard cell size. Therefore, phenotypic suppression of the flp mutant by rpa2a mutation is likely due to the failure of cell cycle checkpoints without RAP2a (Yang et al., 2019). Triggered by CDKB1s, RPA2a phosphorylation is associated with nuclear localization and function in DNA replication processes. It appears that the expression of RPA2a and genes involved in DNA replication is increased in the iMUTE plants (Han et al., 2018).

These findings indicate that during stomatal formation, MUTE contributes to timely coordination of the cell cycle. Further investigation is required to unveil how the cell cycle and the chromatin landscape are linked to the termination of a self-renewing state and fate commitment.



Fate Decision of Stomatal Lineage Ground Cells

SLGCs are large daughter cells derived from asymmetric divisions of MMCs or meristemoids. SLGCs bear bi-potency, meaning that they can either reenter asymmetric division to generate a satellite stomate or they can differentiate into a pavement cell.

Previously, it was shown that prolonged MUTE expression in 2-week-old mute mutants, where the meristemoids and SLGCs are arrested after several rounds of asymmetric division, resulted in clustered stomata (Trivino et al., 2013). In contrast, induced MUTE expression in wild-type plants did not show the clustered stomata phenotype due to full differentiation of stomatal lineage cells (Trivino et al., 2013). This result implies that SLGCs adjacent to the arrested meristemoid are competent to be a stomate. Additionally, it shows that SLGC differentiation to a pavement cell may require the MUTE activity in meristemoids.

Some molecular features of SLGCs were obtained from the transcriptome analyses of early stomatal lineage cells. It appears that SLGCs are enriched with genes associated with cell division and cytokinesis; they are poised between proliferation and endoreduplication-coupled differentiation (Ho et al., 2021). Fate decision to pavement cells or termination of proliferative SLGCs might also be linked to auxin-mediated onset of endoreduplication (John and Qi, 2008). It was reported that an auxin response gradient is formed and fluctuates within SLGCs, which helps to determine the fate and morphology of pavement cells (Grones et al., 2020). Cytokinin signaling, however, preferentially promotes asymmetric divisions in SLGCs (spacing division) through the induction of SPCH expression. SPCH directly regulates genes encoding the cytokinin inhibitory effector ARR16 and the secreted peptide CLE9. ARR16 reduces the cytokinin sensitivity of SLGCs, and CLE9 suppresses SLGC division. A negative feedback regulatory circuit, therefore, is formed between cytokinin and SPCH to fine-tune SLGC divisions (Vaten et al., 2018).

Despite the recent findings, the mechanism allowing SLGCs to maintain proliferate-state or to differentiate remains unknown. Although it is challenging to define the characteristics of SLGCs due to their heterogeneity, asynchronous production, and lack of specific SLGC markers, a detailed molecular characterization of SLGCs should enhance the investigation.



Shaping Guard Cells and Maintenance of Guard Cell Fate

The final step of consecutive state transition in stomatal development is mediated by the transcription factor FAMA. It promotes guard cell differentiation and negatively controls symmetric division of GMCs (Ohashi-Ito and Bergmann., 2006). FAMA appears to be directly induced by MUTE. However, unlike other MUTE targets induced immediately, FAMA induction is delayed until just prior to symmetric division (Han et al., 2018). This delay implies there is an additional mechanism regulating FAMA expression. Hachez et al (Hachez et al., 2011) identified FAMA targets and regulators of guard cell development by transcript profiling of genes that are differentially modulated over chemically induced FAMA (iFAMA). These genes, regulated by FAMA, encode proteins with diverse functions, including transcription factors, cell cycle controllers, receptors, signaling proteins, and proteins associated with cell wall modification and metabolic processes (Hachez et al., 2011). This study supports the function of FAMA in differentiation of GMCs to guard cells and the maintenance of guard cell identity.

The loss-of-function mutant stomatal carpenter 1 (scap1) develops skewed and dysfunctional guard cells. SCAP1 encodes a Dof-type transcription factor and regulates the expression of key molecules in stomatal function and structure such as GORK (outward K+ channel), MYB60, and PME6 (pectin methyltransferase; Negi et al., 2013). As a consequence, scap1 mutants display impaired ion homeostasis and esterification of extracellular pectins responsible for cell wall maturation lining the pores (Negi et al., 2013). The loss-of-function mutant for PME6 displays dysfunctional guard cell dynamics due to the mechanical change in the guard cells (Amsbury et al., 2016). The expression of FAMA and SCAP1 in guard cells and the rapid up-regulation of SCAP1 upon FAMA induction (iFAMA; Ohashi-Ito and Bergmann, 2006; Hachez et al., 2011; Negi et al., 2013) suggest that SCAP1 is a potential target of FAMA. Despite the role of SCAP1 during stomata maturation, the expression of SCAP1 is observed in young leaf primordia. Loss-of-function mutants display a reduced stomatal density and patterning defects (Castorina et al., 2016). The change in stomatal density and increased patterning defects suggests that SCAP1 plays an additional role in stomatal development.

A component of the RNA polymerase II complex plays a role in stomatal differentiation in concert with FAMA (Chen et al., 2016). The hypomorphic mutant for NRPB3, the third largest subunit of the RNA polymerase II complex, produces more stomatal lineage-, paired-, and non-stomatal cells. Interestingly, the nrpb3 mutant synergistically produces a tumor-like structure when combined with fama and flp. NRPB3 physically interacts with FAMA and SCRM, but not with SPCH and MUTE. RPAP2 IYO MATE (RIMA) is another protein interacting with NRPB3. RIMA also physically interacts with SPCH, MUTE, FAMA, and SCRM (Chen et al., 2021). It appears that the state-specific transcription factors associated with the general transcription machinery give rise to the cell state-specific regulation of gene expression. Stomatal lineage cell divisions are thereby limited at later stages of stomatal development.

Guard cells are the terminal state of stomatal cell lineage. Fully differentiated guard cells must irreversibly lose their proliferation ability to maintain cellular identity for stomatal function. Failure in maintenance reverts a guard cell to a stomatal lineage precursor, leading to a re-initiation of early stomatal lineage from a differentiated stomate. Previous studies have shown that the RETINOBLASTOMA RELATED (RBR)-FAMA and RBR-FLP interactions play a critical role in freezing the guard cell identity upon completion of differentiation (Lee et al., 2014a,b; Matos et al., 2014). These interactions mediate the RBR-mediated recruitment of Polycomb Repressive Complex 2 (PRC2) and establish the repressive histone modification H3K27me3 of the stomatal lineage genes (Lee et al., 2014a,b; Matos et al., 2014). This mechanism is partly supported by an analysis of the single-cell type transcriptome and histone modification (H3K27me3 and H3K4me3) dynamics in normal guard cells compared to the guard cells in the reprogramming state (FAMALGK; Lee et al., 2019). When point mutations are introduced in the RBR binding motif (LxCxE) of FAMA (referred as FAMALGK), FAMALGK is not capable of interacting with RBR and recruiting PRC2 (Matos et al., 2014). Modest changes in H3K27me3 peaks were observed between WT and FAMALGK. In FAMALGK cells, the SPCH locus loses the H3K27me3 modification and its expression is concomitantly increased. The level of H3K27me3 at the MUTE and FAMA loci and their expression level, however, remained unchanged in the FAMALGK guard cells. This finding suggests that de-repression of SPCH may contribute to the re-initiation of the stomatal lineage in FAMALGK and that H3K27me3 is required to prevent guard cell fate from reverting to the precursor state. However, the MUTE expression level in FAMALGK is contradictory to the previous report where MUTE is highly up-regulated in 15-day-old cotyledons of FAMALGK (Matos et al., 2014).

SPCH expression alone is not capable of forming stomata (Davies and Bergmann, 2014). Ectopic SPCH expression results in more asymmetric divisions (Han et al., 2018). These results imply that the stomate in the stomate phenotype may not be solely attributable to the de-repression of SPCH. Knock-down of the PRC2 activity in guard cells mimics the stomate in the stomate phenotype with a very low frequency compared to FAMALGK. This activity suggests a minor contribution of H3K27me3 and the presence of other mechanisms to maintain guard cell integrity. Indeed, H3K27me3 marks are increased on the locus of WOUND-INDUCED DEDIFFERENTIATION 1 (WIND3) during guard cell reprogramming (FAMALGK), thereby resulting in transcriptional down-regulation of WIND3. The ectopic expression of WIND3 using the SPCH promoter enhances the FAMALGK phenotype. These results imply that guard cell integrity is maintained by complex mechanisms in addition to the known H3K27me3 reorganization at the loci of stomatal lineage genes.

Using the proximity labeling method that identifies spatial and temporal information in protein–protein interactions, the nuclear proteome of young guard cells and novel FAMA-interacting proteins were identified (Mair et al., 2019). The FAMA interactors include bHLH transcriptional factors SCRM, transcriptional co-activators that link transcriptional factors to RNA polymerase II, and histone acetyltransferases, which is consistent with the previous study showing a link between FAMA and RNA polymerase II (Chen et al., 2016). FAMA also interacts with the transcriptional co-repressor TOPLESS-related proteins that recruit histone deacetylases to transcriptional factors and their linker protein that mediates the interaction between the co-repressor complex with transcription factors (Long et al., 2006). Among the highly abundant proteins in the nuclei of young guard cells, SHL (SHORT LIFE) binds to both H3K27me3 and H3K4me3. SHL functions as a histone reader to direct a particular transcriptional outcome. It might be involved in the establishment of repressive chromatins in concert with the co-repressors to lock the guard cell identity in their terminally differentiated state. Overall, FAMA could positively or negatively regulate target genes in concert with the co-activators and the co-repressors. This regulation is likely mediated through histone acetylation/deacetylation in response to developmental or hormonal signals.




SIGNALING CASCADE CONVERGING TO TRANSCRIPTION FACTORS

Plant survival dictates that the level of expression and the activity of the master transcription factors in each state of stomatal development must be tightly regulated. SPCH expression is modulated directly by upstream transcription factors. These factors are induced by light, drought, and heat (Klermund et al., 2016; Lau et al., 2018; Qi et al., 2019). SPCH activity is crucial to determine the fate of bi-potent stomatal lineage cells after asymmetric division and is substantially modulated by various kinases. MAPK signaling cascades inhibit the SPCH activity (Lampard et al., 2008; Gudesblat et al., 2012; Yang et al., 2015; Han et al., 2020). The mechanism by which the expression and activity MUTE and FAMA are regulated, in contrast, is not fully understood yet.

The signaling pathway upstream of the bHLH transcription factors is initiated by the EPF-family ligands, ERECTA-family receptor-like kinases, TMM as a co-receptor, and the downstream MAPK signaling cascade. The EPF ligands belong to the peptide family secreted to the apoplast (Herrmann and Torii, 2020). Structural and biochemical analysis revealed that heterodimerization between the ER-family receptors and TMM is required for EPF1 and EPF2 ligand perception, but was not required for EPFL4/5/6 (Lin et al., 2017), which indicates that ligand-based selectivity of receptor heterodimerization specifies the downstream biological process. ER receptor-TMM modules can also associate with the co-receptors BRI1-ASSOCIATED RECEPTOR KINASE/SOMATIC EMBRYOGENESIS RECEPTOR KINASE (BAK/SERK) to form a ternary receptor complex. This complex contributes to the stabilization of a specific ligand–receptor pair and hence, confers higher specificity in signaling (Meng and Yao, 2015).

EPF1 and EPF2 peptide ligands negatively regulate stomatal formation (Hara et al., 2007, 2009; Hunt and Gray, 2009). EPF2 restricts the initiation of stomatal formation by reducing the stability of SPCH (Bergmann et al., 2004; Pillitteri et al., 2011; Robinson et al., 2011). Exaggerated EPF2 signaling leads to a plant leaf epidermis composed of only pavement cells, similar to the spch mutants (Hara et al., 2007; Rowe and Bergmann, 2010; Rychel et al., 2010). EPF2 expression is directly regulated by SPCH and SCRM (Lau et al., 2014; Horst et al., 2015). It is repressed by MUTE activity when the stomatal fate is committed in GMCs. This regulation allows EPF1 to access the common receptor system (Han et al., 2018). Another EPF-family member, EPF1, inhibits stomatal formation by negatively regulating the stability of the MUTE protein (Hara et al., 2007; Lee et al., 2012, 2015; Lin et al., 2017; Qi et al., 2017, 2020). Enhanced EPF1 signaling causes the stomatal lineage to arrest at the meristemoid state, phenocopying the mute mutants. Unlike EPF2, EPF1 expression is not directly regulated by MUTE (Qi et al., 2017). The transcription factors regulating EPF1 expression are unknown.

EPF-like 9 (EPFL9), also known as STOMAGEN, promotes stomatal formation and is highly responsive to environmental cues (Kondo et al., 2010; Sugano et al., 2010). With a highly similar topology structure, STOMAGEN competes with EPF1 and EPF2 for the same receptor complex but does not activate the MAPK cascade (Ohki et al., 2011; Lee et al., 2015; Qi et al., 2017). An auxin-related transcription factor MONOPTEROS (MP) suppresses the expression of STOMAGEN. The light-inducible transcription factor ELONGATED HYPOCOTYL 5 (HY5) induces STOMATAGEN expression (Wang et al., 2021).

SCRM functions as a scaffold protein and associates with MPK3/6 and SPCH (Putarjunan et al., 2019). MPK3/6 first binds to the bipartite SCRM-KRAAM motifs of SCRM, which bridges with SPCH. Then, it triggers the subsequent phosphorylation of SPCH, resulting in the degradation of SPCH-SCRM (Putarjunan et al., 2019). The KRAAM motif is distinct from the putative MAPK docking sites and is uniquely found in SCRMs and their orthologs. This distinction suggests a mechanism for MAPKs conferring substrate specificity in a developmental process.

The localization of the MAPK cascade is unevenly distributed in MMC and in the two daughter cells derived from an asymmetric division. This distribution is facilitated by the intrinsic polarity protein, BASL. BASL arranges the tethering of YDA-MPK signaling components at its polarized crescent of the membrane, which results in elevated SPCH phosphorylation/destabilization to reduce the concentration of SPCH protein in SLGCs (Zhang et al., 2015, 2016). YDA-MAPK signaling must be restricted to allow high division potential in MMCs. This process is mediated by the polarized POLAR-BRASSINOSTEROID-INSENSITIVE2 (BIN2) module at the polarity crescent. Polarized BIN2 can inhibit YDA, leading to the attenuation of the YDA-MAPK signaling (Houbaert et al., 2018; Guo and Dong, 2019). The protein phosphatase BRI1 SUPPRESSPR 1 (BSU1)-LIKE 1 (BSL1) associates with the polarity complex and subsequently triggers the translocation of BIN2 from the polar crescent to the nucleus. It also activates YDA-MAPK signaling in SLGCs. BIN2 in the nucleus directly phosphorylates and destabilizes SPCH. This destabilization further restricts asymmetric division and leads to differentiation (Gudesblat et al., 2012; Guo et al., 2021a,b).

MAP KINASE PHOSPHATASE1 (MKP1) fine-tunes the MAPK signaling by inactivating the MAPK cascade at the early stage of stomatal development (Tamnanloo et al., 2018). The mkp1 mutants undergo the asymmetric entry division but fail to differentiate, resembling the mute mutant phenotype. Genetic analysis puts MKP1 upstream of MPK3/6 and downstream of YDA. Additionally, MPK3/6 signaling is hyperactivated when MKP1 is absent, suggesting MKP1 deactivates MPK3/6. Interestingly, MKP1 expression fully rescues the mkp1mutant phenotype only when the MPK1 expression is driven by the SPCH promoter. This result suggests that MKP1 has a significant role in controlling guard cell fate commitment in early stomatal precursor cells.

Phosphorylation on the SPCH protein usually leads to its degradation. Yet, phosphorylation on Thr49, Thr50, Ser51, and Ser52 of the SPCH protein has been shown to stabilize SPCH (Han et al., 2020). The accumulation of KIN10, a catalytic subunit of the conserved energy sensor kinase SnRK1, can be induced by sucrose and promotes stomatal development. KIN10 is highly expressed in the nuclei of stomatal lineage cells where it phosphorylates and stabilizes SPCH to promote sucrose-induced stomatal formation (Han et al., 2020). Mutations in KIN10 result in decreased stomatal index, while overexpression of KIN10 results in a higher stomatal index. This finding partly explains the previously observed stomatal phenotype when plants are treated with high doses of sucrose (Akita et al., 2013).

Multiple kinases phosphorylate SPCH, resulting in the destabilization of SPCH. Protein phosphatases that are responsible for dephosphorylating SPCH, however, have recently been discovered (Bian et al., 2020). The scaffolding A subunit of the PP2A heterotrimeric complex directly associates with SPCH. Loss-of-function mutations in PP2A or inactivation by PP2A inhibitors results in reduced stomata formation and round pavement cells. This result suggests that PP2A promotes stomatal development by positively regulating SPCH stability. Furthermore, undifferentiated precursors after asymmetric divisions and round pavement cells in the pp2a mutants increase the likelihood that PP2A may regulate other proteins such as MUTE or those involved in pavement cell differentiation.



ENVIRONMENTAL CUES AND DEVELOPMENTAL PLASTICITY

Given the essential role of stomata in photosynthesis and nutrient uptake, stomatal development is tightly controlled in response to a diverse range of environmental and phytohormonal signals (Qi and Torii, 2018). Plants have developed a highly coordinated regulatory mechanism that balances the need for photosynthesis and transpiration according to their specific environment (Hepworth et al., 2016). Atmospheric CO2 concentration, water availability, environmental temperature, light intensity, and nutrients all influence the endogenous program (Figure 2).
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FIGURE 2. Regulation of stomatal development by environmental cues. Top: Temperature, CO2, and water availability modulate the signaling cascade, which leads to the regulation of SPCH and MUTE. Arrows indicate positive regulation, and inverted Ts indicate negative regulation. Solid lines in light blue indicate transcriptional regulation, and solid grey lines indicate post-translational regulation. Dashed lines indicate potential regulation. Bottom: A stomate, formed by a pair of guard cells, takes up CO2 (red arrow) for photosynthesis and releases the byproduct O2 (green arrow) and water vapor (green arrow). On the left: low CO2 concentration, sufficient water supply, and ambient temperature conditions prior to the global climate change. On the right: elevated CO2 concentration, deficient water supply, and increased atmospheric temperature conditions after global climate change. Stomata are highlighted in green, and meristemoids in purple. The flowering plants underneath each of the stomatal images represent the growth and stress response of the plants along with the stomatal density. Color code: blue indicates decrease; red indicates increase.



Environmental Factors Affecting Stomata Development


Carbon Dioxide

Atmospheric CO2 significantly influences stomatal formation and function. Evolutionary studies over geologic time scale as well as ecological studies imply that atmospheric CO2 levels are inversely correlated with stomatal density and impacts on stomatal function (McElwain and Steinthorsdottir, 2017). Global climate impact assessments for crops have shown that elevated atmospheric CO2 levels may be a preferable condition to mitigate yield losses due to climate changes. This preference is because low atmospheric CO2 concentration imposes a negative repression on photosynthetic productivity (Sage and Coleman, 2001). In bread wheat, drought stress often causes reduction in seed yield, but this loss can be compensated by an elevated CO2 level. This compensation is likely due to the high CO2 concentration satisfying the photosynthesis needs more efficiently when stomatal conductance is limited by water shortage (Dunn et al., 2019). CO2 enrichment often comes with other climate changes including rising temperatures and water shortages. The response of decreasing stomatal density at a high CO2 level, therefore, implies that the ease in CO2 uptake allows plants to respond to other limiting factors such as water availability.

The current understanding of how CO2 regulates stomatal formation comes from a milestone study by Schroeder and his colleagues (Engineer et al., 2014; Figure 2). They found that Arabidopsis β-carbonic anhydrase double mutants (ca1ca4; Hu et al., 2010) display an increased stomata density at an elevated CO2 level. This increase in stomata density was due to compromised EPF2 expression. This study identified CO2 RESPONSE SECRETED PROTEASE (CRSP), which is induced by elevated CO2 level and encodes a protease that specifically cleaves the precursor of EPF2 to release the mature peptide into the apoplast. The processed, functional EPF2 inhibits stomatal initiation by destabilizing SPCH. Mutations in either CRSP or EPF2 impair the stomatal development influenced by elevated CO2 concentration (Engineer et al., 2014). Moreover, treatments with a high concentration of CO2 promote satellite stomatal formation, leading to changes in stomatal distribution on abaxial cotyledons (Haus et al., 2018; Higaki et al., 2020). A detailed molecular mechanism and the benefits for plants to have satellite stomata under high CO2 conditions are not fully understood.



Water Shortage

Water scarcity is a growing problem that correlates with global climate change. Drought conditions cause previously arable land to become unable to support crops. Increased drought conditions will cause crop yield reduction or even failure, which can result in starvation conditions for many populations. To avoid evaporative water loss, plants reduce stomatal conductance. This reduction in conductance ensures survival of the plant but causes a reduction in photosynthesis, yields, and productivity (Blum, 1996). Understanding how plants effectively use limited water resources is, therefore, crucial for future food security. Many studies on common crop plants indicate that reducing transpiration by decreasing stomatal density is a feasible way to increase plant drought tolerance without compromising yield (Franks et al., 2015; Hepworth et al., 2015; Wang et al., 2016; Hughes et al., 2017; Caine et al., 2019; Dunn et al., 2019; Mohammed et al., 2019).

Molecules upstream of the core pathway controlling stomatal development are the current targets for genetic manipulation. In poplar, dehydration or ABA treatment causes up-regulation of PdEPF1 (Wang et al., 2016). Overexpression of PdEPF1 consistently results in a low stomatal density, high water use efficiency, and drought tolerance (Wang et al., 2016). In creeping bentgrass, overexpression of Osa-miR393 up-regulated EPF expression. This up-regulation leads to reduced stomatal density and enhanced plant drought tolerance (Zhao et al., 2019). Similarly, overexpression of EPF2 in Arabidopsis, rice, and barley causes reduced stomatal density, decreased transpiration rate, and improved water use efficiency (Franks et al., 2015; Hepworth et al., 2015; Hughes et al., 2017; Dunn et al., 2019) (Caine et al., 2019; Mohammed et al., 2019). Reducing stomatal density by regulating EPFs, therefore, can be a promising tool for breeding crops that can better withstand drier environments without significant yield loss.

STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1) could be another molecular target for improving drought tolerance in plants. Knockout mutants for SDD1 display a noticeably increased stomatal density with severe stomatal clustering (Berger and Altmann, 2000; Von Groll et al., 2002). Because SDD1 belongs to the subtilisin-like serine protease family, it has been proposed that SDD1 cleaves a precursor of a mobile peptide that negatively regulates stomatal development (Berger and Altmann, 2000; Von Groll et al., 2002). EPF1 and EPF2, however, work independently of SDD1 (Hara et al., 2007, 2009). Manipulation of SDD1 can optimize WUE and thus improve plant drought tolerance. In Arabidopsis, SDD1 expression is significantly up-regulated upon drought (Yoo et al., 2019). Overexpression of wild tomato SchSDD1 in Arabidopsis and tomato results in higher productivity under drought conditions (Morales-Navarro et al., 2018). Further, it was found that SDD1 expression is regulated by GT-2 LIKE 1 (GTL1), which is a transcription factor that binds the GT3 box in the SDD1 promoter to trans-repress its transcription (Yoo et al., 2010). GTL1 is downregulated by drought stress. In gtl1 loss-of-function mutants, SDD1 expression is significantly increased, causing a 25% reduction in stomatal density (Yoo et al., 2010). Consequently, WUE is higher and drought tolerance is enhanced (Yoo et al., 2010). The Ca2+-binding protein, calmodulin, upon binding of osmotic stress-induced Ca2+, interacts with one of the N-terminal helices of GTL1 and inhibits GTL1 binding to the SDD1 promoter. This inhibition thereby de-represses the SDD1 expression and improves WUE (Yoo et al., 2019).

GTL1 is also known to regulate trichome development. This regulation would imply a correlation between the two epidermal cell types. Indeed, WUE was higher in four tomato lines with higher trichome density. Trichome density negatively correlates with stomatal density, and the ratio of trichomes to stomata shows a strong positive correlation with WUE (Galdon-Armero et al., 2018). The same observation was also reported in a wild-type population of Arabidopsis (Simon et al., 2020). Not surprisingly, many molecules regulating trichome development also play a role in stomatal development (Torii, 2021).

Many environmental conditions have a significant effect on SPCH (Chen et al., 2020; Figures 1 and 2). Qi and colleagues found that plants with a lower concentration of SPCH protein exhibit significantly increases in drought tolerance (Qi et al., 2019). Overexpression of the C2H2 zinc-finger transcription factor INDETERMINATE DOMAIN 16 (IDD16) caused a reduction in the SPCH transcription in a dose-dependent manner. The ChIP analysis indicates that IDD16 directly associates with the SPCH promoter, suggesting that SPCH is a direct downstream target of IDD16. In line with this, the IDD16 RNAi plants exhibit a higher stomatal density. Plants overexpressing IDD16 displayed a reduced stomatal density and were hypo-sensitive to drought stress (Qi et al., 2019).

ANGUSTIFOLIA3 (AN3) is another transcription regulator involved in drought tolerance and stomatal development (Meng and Yao, 2015). Without AN3, fewer stomata were produced, transpiration was reduced, and the plants displayed improved drought tolerance. In an3 mutants, a drastic increase was observed in the YDA transcript level. The ChIP analysis corroborated the theory that AN3 binds to the YDA promoter, indicating that AN3 acts as a transcriptional repressor of YDA.

Overall, drought stress modulates the stomatal formation pathway almost at every step, including the peptide ligands, the MAPK cascade, and the downstream transcription factors. Interestingly, all these targets appear to be regulated at the transcriptional level, indicating that transcriptional regulation is an efficient, effective way to deal with environmental stress.



High Temperature

Responding to environmental temperature, plants adjust their cooling capacity by controlling the rate of transpiration. Besides the quick response of stomatal apertures, control of stomatal formation contributes to plant body temperature. For instance, under ambient conditions, well-watered plants with more stomata (such as epf1epf2) maintain low body temperature, whereas those with fewer stomata (such as EPF1 overexpression lines) show higher body temperature (Hepworth et al., 2015; Caine et al., 2019). When water is restricted, however, EPF1 overexpression lines display more stable and lower leaf temperature than lines with a higher stomatal density. These effects are particularly notable during the reproductive stage (Hepworth et al., 2015; Caine et al., 2019; Mohammed et al., 2019). More interestingly, when the environmental temperature rises, stomatal pores of the EPF1 overexpression plants were significantly larger than those of the wild-type plants. This change allowed the plants to compensate for lower stomatal density. Plants are, therefore, dynamically balanced between evaporative cooling and water conservation. They maintain this delicate balance by regulating stomatal conductance. Plants with fewer stomata display improved initial water conservation, which allows them to more efficiently regulate stomatal movements. This improved regulation ensures adequate evaporative cooling even under severe drought conditions at a high temperature.

When Arabidopsis plants grown at ambient temperature (22°C) are exposed to a high temperature (28°C), they develop fewer stomata (Crawford et al., 2012). PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) is an essential component in this process. PIF4 encodes a bHLH transcription factor involved in plant adaptation to high temperatures and is significantly up-regulated by elevated temperature (28°C; Koini et al., 2009). In stomatal lineage cells, high temperature stabilizes PIF4, which in turn binds to the SPCH promoter to repress its expression. This binding is responsible for inhibiting the entry of stomatal formation. Interestingly, PIF4 was identified as an SPCH target, and the transcriptome data from the seedlings in which SPCH is conditionally expressed further indicate that SPCH protein also represses PIF4 expression. Thus, at ambient temperature, SPCH promotes stomatal formation while blocking PIF4 expression. When the temperature rises, PIF4 is expressed and the stabilized PIF4 protein blocks SPCH transcription by binding to its promoter, therefore inhibiting stomatal formation through negative feedback (Lau et al., 2018).

HEAT SHOCK PROTEINS 90s (HSP90s) positively regulates YDA. Thus, YDA’s targets, MPK3 and MPK6, cannot be activated when HSP90s is depleted. Lack of activation results in insufficient SPCH phosphorylation and destabilization. A higher concentration of stable SPCH protein eventually leads to clustered stomata (Samakovli et al., 2020). HSP90s also affects YDA polarization via physical interaction in stomatal lineage cells. Moreover, loss-of-function mutants of YDA or HSP90s altered the transcript levels of at least 18 SPCH target genes. This alteration indicates that the YDA-HSP90s module negatively affects the transcriptional activity of SPCH (Samakovli et al., 2020).

Similar to drought stress, heat stress modulates the stomatal entry transcription factor SPCH and the MAPK cascade. Additionally, heat stress impacts protein stability and/or function.



Light

Light, essential for growth and development, acts as an energy source and a developmental signal in plants. Stomatal development is a trait of photomorphogenesis and is positively regulated by light (Casson et al., 2009; Kang et al., 2009). Plants detect light through photoreceptors, including phytochromes and cryptochromes (Paik and Huq, 2019). Mutations in these photoreceptors cause reduced stomatal density within the corresponding light spectra (Kang et al., 2009). A common target of light signals is CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), which is an E3 ubiquitin ligase. When COP1 is destabilized by light, it no longer activates the downstream YDA cascade, which leads to stomatal formation (Kang et al., 2009). In dark conditions, active COP1 can degrade SCRM via its E3 ubiquitin ligase activity, thereby preventing stomatal development. This pathway occurs in a YDA-independent manner and does not affect SPCH stability, suggesting a parallel pathway of COP1 that modulates the abundance of SCRM under unfavorable light conditions (Lee et al., 2017).

Additionally, light promotes stomatal formation by inducing STOMAGEN (Hronkova et al., 2015). MONOPTEROS/ARF5, a member of the AUXIN RESPONSE FACTORs family, has been reported to associate with the STOMAGEN promoter to suppress its expression (Zhang et al., 2014). Whether light exposure regulates this auxin-related MONOPTEROS is unknown. A recent study found an integration point where light signals impinge on stomatal development (Wang et al., 2021). The light-responsive HY5 plays a role in fundamental developmental processes such as photosynthetic machinery assembly, chloroplast development, pigment accumulation, and photomorphogenesis (Gangappa and Botto, 2016). The HY5 genomic binding sites have revealed its hierarchical role in the light regulation of plant development (Lee et al., 2007). Wang and colleagues found that HY5, a central transcriptional factor, directly binds to the promoter and activates STOMAGEN expression in mesophyll cells (Wang et al., 2021). HY5 is required for light regulation of SPCH. In hy5 mutants, SPCH is marginally maintained. Compromising HY5 regulation results in stomatal formation that is unresponsive to light intensity. Light-stimulated HY5 directly activates STOMAGEN expression in mesophyll cells, which in turn acts in the epidermis to stabilize SPCH. Knock-down or overexpression of STOMAGEN results in stomatal production insensitive to light intensity (Wang et al., 2021). The direct regulation of STOMAGEN expression by HY5 was also detected in a previous report by Zoulias et al. (Zoulias et al., 2020). The up-regulation of STOMAGEN by HY5 represents a regulatory mechanism of how an environmental signal is integrated into the developmental program. It provides a correlation between the CO2 uptake from stomata and the photosynthetic mesophyll cells.



Nutrients

Because nutrient uptake by roots is directly affected by transpiration, a correlation analysis of root and stomatal development in plants under drought conditions could be of interest. When plants are well watered, root area and the stomatal density are positively correlated. For example, epf1epf2 mutants have an increased number of stomata and produce a larger root system than wild-type plants and thus, display improved phosphate and nitrogen accumulation (Hepworth et al., 2016). In contrast, plants with fewer stomata, such as transgenic plants overexpressing EPF2, share comparable root hair development and have a similar phosphate uptake capacity compared to wild-type plants (Hepworth et al., 2015, 2016). When water is restricted, a large decrease in stomatal density shows no significant effect on nitrogen accumulation (Hepworth et al., 2016). High transpiration rates due to increased stomatal density promote root development under water-sufficient conditions. When water shortage occurs, this correlation is altered, which implies that there is a complex interplay between root development and stomatal density.

miRNAs play a crucial role in plant development and environmental regulation (Song et al., 2019). It is surprising, then, that no miRNAs appear to target known stomatal regulators, especially given the considerable number of transcriptional factors and signaling proteins that modulate stomatal development. Loss-of-function mutations in AGO1 (ARGONAUTE 1), however, drastically impact stomatal patterning and morphology of epidermal cells. This implies that miRNAs play some role in stomatal development (Yang et al., 2014). Recently, expression profiling of miRNAs in stomatal lineage cells was carried out using the cell state-specific promoters of SPCH, EPF2, MUTE, EPF1, and FAMA (Zhu et al., 2020). Most of the identified miRNAs appear to be expressed at the entry state of stomatal development and target genes involved in nutrient homeostasis, metabolism, and light response (Zhu et al., 2020). Up- or down-regulation of miRNAs results in defective stomatal patterning and density. Together with previous data, Zhu et al. suggest that stomatal lineage miRNAs and their dynamic changes constitute another layer of stomatal development regulation and may play a role in response to developmental factors, environmental cues, and nutritional status for proper lineage specification and/or progression at the entry of stomatal lineage.

Sugar status and ethylene signaling appear to fine-tune the intrinsic polarity and division potential of stomatal lineage precursor cells (Gong et al., 2021). CONSTITUTIVE TRIPLE RESPONSE (CTR1) is a core component that negatively regulates ethylene signaling. In the crt1 mutants, the stomatal-specific polar protein BREVIS RADIX-LIKE 2 (BRX2) becomes depolarized, which reduces the amplifying asymmetric division. This phenotype can be alleviated by glucose or sucrose treatment, suggesting an antagonistic effect of ethylene and sugar signaling on the self-renewing capacity of stomatal linage stem cells. Because sugar is produced by photosynthesis occurring in mesophyll cells, the effect of nutritional status and environment on the overall leaf size and epidermal patterning suggests active communication between the epidermis and mesophyll cells.





CONCLUSION AND PERSPECTIVES

Significant progress has been made in stomatal development over the past two decades. The discovery of key regulators and a core developmental pathway in stomatal lineage has contributed to the current understanding of stomatal development. Technical advances have identified genome-wide transcriptomes at the bulk-tissue, single-cell types, or single-cell level. ChIP-sequencing data of the master transcription factors are also accumulating. Despite the recent discoveries, there are open questions to be addressed: How are the stomatal lineage cells first established? How is the expression of master transcription factors initiated and coordinated at the chromatin level? How is intrinsic polarity complex targeted to the cortical membrane and integrated into the extrinsic signaling pathway? What are the molecular links between the environmental and hormonal control of stomatal development? Given the wealth of genetic resources and various types of omics data, one should explore novel factors and investigate comprehensive gene networks in stomatal lineage.

Single-cell RNA-seq can be applied to profile responses to environmental or hormonal perturbations, which could reveal whether the cell identity and cells at different developmental stages differentially respond to stress or hormone. Profiling chromatin accessibility such as Assay for Transposase Accessible Chromatin Sequencing and deoxyribonuclease I hypersensitive sequencing at the single-cell level would further the current understanding of the transcriptional program when combined with the single-cell transcriptome. Additionally, advanced live-cell imaging and quantitative image analysis make it easier to keep track of lineage and monitor the cellular events at single-cell resolution, which will help to pave the way to applying the single-cell approach to crop species.

We are currently facing an environmental crisis as global climate change caused by the greenhouse gases accelerates the temperature rise and water shortage. Each of these factors will negatively impact plant ecosystems, sustainability, and food supply. Stomata can directly influence the atmospheric CO2 level, water evaporation, and even the surface temperature of the earth. Future challenges in stomatal development research, therefore, include addressing the open questions as well as translating discoveries made in Arabidopsis to agriculturally important crops. Many studies have demonstrated that stomatal morphology, density, size, distribution, and specialized cell type in grasses determine stomatal conductance. Stomatal development, then, significantly influences plant behavior in response to environmental changes. Genetic manipulation of stomatal development and physiology may contribute to better survival of plants and maintain agricultural productivity despite unfavorable conditions. Studies of stomatal development in monocots have started mostly by the comparative analysis of the genes in Arabidopsis. Because monocots bear linear arrangement of guard cells in specific cell files and four-celled stomatal complex, which enables “speedy stomata,” the investigation of stomatal development and their regulation is a key to the breeding guidance. As transcriptional regulation is the major mechanism in environmental regulation on stomatal development, the rapidly responding transcription factors could form a useful toolbox for genetic manipulation. The use of CRISPR/Cas9 genome-editing technology in a cell type-specific manner could overcome deleterious effects caused by the ubiquitous disruption of essential genes. It is necessary to collect useful stomatal traits for plants to better adapt to global climate changes, which will allow us to see the outcome of current efforts.
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The responses of stomatal aperture to light intensity and CO2 concentration were studied in both Vicia faba (C3) and Kalanchoë fedtschenkoi (Crassulacean acid metabolism; CAM), in material sampled from both light and dark periods. Direct comparison was made between intact leaf segments, epidermises grafted onto exposed mesophyll, and isolated epidermal peels, including transplantations between species and between diel periods. We reported the stomatal opening in response to darkness in isolated CAM peels from the light period, but not from the dark. Furthermore, we showed that C3 mesophyll has stimulated CAM stomata in transplanted peels to behave as C3 in response to light and CO2. By using peels and mesophyll from plants sampled in the dark and the light period, we provided clear evidence that CAM stomata behaved differently from C3. This might be linked to stored metabolites/ions and signalling pathway components within the guard cells, and/or a mesophyll-derived signal. Overall, our results provided evidence for both the involvement of guard cell metabolism and mesophyll signals in stomatal responses in both C3 and CAM species.

Keywords: stomata, CAM, mesophyll, Vicia faba, Kalanchoë fedtschenkoi, conductance, stomatal dynamics


INTRODUCTION

The waxy leaf surface is almost impermeable to carbon dioxide and water and therefore nearly all gaseous exchange between the leaf interior and the external environment passes through the stomatal pores on the leaf surface (Lawson, 2009). Stomata open and close in response to changes in both external environmental and internal plant signals (e.g., Mott, 1988; Outlaw, 2003; Vavasseur and Raghavendra, 2005; Shimazaki et al., 2007; Lawson, 2009). The nuanced control of stomatal aperture ensures sufficient carbon dioxide (CO2) uptake for photosynthesis, as well as maintaining an appropriate water (H2O) status and leaf temperature (Lawson and Blatt, 2014). In species with C3 and C4 photosynthetic metabolism, stomata open in response to low CO2 concentration, high light, and low VPD, whereas closure is driven by the reverse, high CO2 concentration, low light, and high VPD (Outlaw, 2003; Vavasseur and Raghavendra, 2005; Shimazaki et al., 2007; Lawson, 2009).

It is well-established that stomatal conductance (gs) correlates with mesophyll rates of photosynthesis under a range of different conditions (Farquhar and Wong, 1984; Wong et al., 1979; Mansfield et al., 1990; Buckley et al., 2003). This helps to maintain an appropriate balance of CO2 uptake with water loss (often referred to as instantaneous water use efficiency). Until recently it was thought that [CO2] concentration in the sub-stomatal cavity, internal [CO2] (Ci) co-ordinated stomatal behaviour with mesophyll demands for CO2. For example, when irradiance increases CO2 consumption by the mesophyll, stomata will respond to the decrease in Ci by opening (Mott, 1988). Conversely, when photosynthesis is reduced due to a changing environmental factor, the higher Ci results in stomatal closure. However, several studies have suggested that stomatal responses to changing Ci are too small to account for the differences in observed gs in response to light (Raschke, 1975; Farquhar et al., 1978; Sharkey and Raschke, 1981; Farquhar and Sharkey, 1982; Morison and Jarvis, 1983; Ramos and Hall, 1983; Mott, 1988). These findings had led to the proposal that there must be an alternative signal (see Lawson et al., 2018).

Stomata in Crassulacean acid metabolism (CAM) plants operate differently. They open at night when there is no light, and this facilitates CO2 uptake when evaporative demand is low. In addition, they close during the day when light intensity and ambient temperatures are high, thereby minimising water loss through transpiration and optimising water use efficiency (Males and Griffiths, 2017). During the night in a CAM photosynthetic tissue, phosphoenolpyruvate carboxylase (PEPC or PPC) in the mesophyll draws down CO2, as it functions as the primary nocturnal carboxylase for atmospheric CO2 fixation (Borland et al., 2009). This nocturnal draw-down is hypothesised to drive stomatal opening in the dark. Atmospheric and respiratory CO2 fixed at night by PPC is stored as malic acid in the vacuole, reaching a maximum concentration at dawn (Borland et al., 2009). During the light period, the stored malate is transported out of the vacuole and decarboxylated, and the CO2 released increases Ci (Males and Griffiths, 2017). This increase in the light period in Ci due to malate decarboxylation has been proposed to drive stomatal closure in the light (Cockburn et al., 1979; Spalding et al., 1979; Borland et al., 1998; von Caemmerer and Griffiths, 2009). In general, as in C3 plants, stomatal responses in CAM plants have been attributed to changes in Ci (von Caemmerer and Griffiths, 2009; Males and Griffiths, 2017).

In addition, it is increasingly clear that the circadian clock is likely to play an important role in CAM stomatal regulation (Boxall et al., 2005, 2020; Hubbard and Webb, 2015). In a seminal paper, von Caemmerer and Griffiths (2009) manipulated external CO2 concentration and demonstrated stomatal closure in CAM-performing Kalanchoë daigremontiana leaves in the light period. The fact that the stomata closed in the light despite low Ci suggested that Ci was not the sole factor driving CAM stomatal responses and that another signal, possibly from the endogenous circadian clock, interacted with Ci to influence stomatal behaviour (von Caemmerer and Griffiths, 2009).

There is evidence that metabolites also play an important role in stomatal regulation. For example, when nocturnal CO2 fixation and associated malic acid synthesis and accumulation were reduced by restricting CO2 supply to K. daigremontiana leaves in the dark period, it was discovered that the adjusted metabolic status of the leaf could override the dawn-phased, circadian clock-controlled disappearance of the regulatory protein kinase responsible for making PPC less sensitive to feedback inhibition by malate, namely PPC kinase (PPCK) (Borland et al., 1999). In addition, transgenic gene silencing approaches have been used to generate CAM loss-of-function mutants in the CAM model species Kalanchoë fedtschenkoi and Kalanchoë laxiflora (e.g., Hartwell et al., 2016). Physiological, metabolic, and molecular phenotypic responses have been characterised for Kalanchoë mutants lacking the primary carboxylase PPC1, its circadian clock-controlled, nocturnal regulator PPCK1, plastidic α-glucan phosphorylase (PHS1) required for starch breakdown for PEP provision in the dark, and two key steps in the malate decarboxylation pathway that operates in the light period (Dever et al., 2015; Boxall et al., 2017, 2020; Ceusters et al., 2021). These mutants displayed either no dark atmospheric CO2 fixation, or reduced nocturnal CO2 fixation, but they still displayed decreased stomatal conductance in the middle of the light period (e.g., Boxall et al., 2020). The CAM mutants also revealed likely cross-talk between CAM-associated metabolites and both the leaf circadian clock and the light/dark regulation of guard cell genes known to be involved in stomatal opening and closing (Boxall et al., 2020).

Further evidence that questioned the role of Ci in stomatal behaviour in C3 plants came from experiments in which stomata responded to increasing light even when Ci was held constant (Messinger et al., 2006; Lawson et al., 2008).

Together, these findings led to the hypothesis that a diffusible mesophyll signal co-ordinates stomatal behaviour with mesophyll demands for CO2 (Lee and Bowling, 1992, 1995; Mott et al., 2008; Mott, 2009). The idea for a mesophyll signal was initially proposed by Heath and Russell in 1954, who postulated that stomatal behaviour was influenced by an indirect chemical or electrical signal transmitted from mesophyll or epidermal cells. Further support for a diffusible signal from the mesophyll was provided by the study of Lee and Bowling (1993), who demonstrated a stomatal response when isolated peels were incubated in the presence of mesophyll cells or chloroplasts from an illuminated leaf, but not when mesophyll tissue was not present, or when chloroplasts were used from dark-adapted material (see Lawson et al., 2018). Later studies suggested a photosynthetic intermediate or metabolite (Wong et al., 1979; Grantz and Schwartz, 1988; Lee and Bowling, 1992), specifically one that balances photosynthesis between Rubisco and electron transport limitation (Wong et al., 1979; Messinger et al., 2006). Support for the role of an active mesophyll-driven signal in stomatal responses has been provided from experiments carried out on epidermal peels in which the influence of the mesophyll had been removed. These studies have demonstrated either no effect or a slower response, of stomata to red light and/or [CO2] (Lee and Bowling, 1992; Olsen and Junttila, 2002; Roelfsema et al., 2002), as compared with responses reported in intact leaves (Mott et al., 2008).

However, as pointed out by the study of Fujita et al. (2013), utilising isolated epidermises floated on buffer solutions makes it difficult to track the same stoma due to movement in the buffer and the buffer permeating into sub-stomatal cavities, which are normally in contact with air. To overcome this, the study of Fujita et al. (2013) used a solid gellan gum matrix incorporating buffers, which was believed to mimic a leaf structure more closely. These experiments showed that buffer-filled cavities affected stomatal responses due to a lack of gaseous diffusion. To overcome the problems associated with using peels floated on the buffer, the study of Mott et al. (2008) used a unique epidermis–mesophyll transplantation experimental approach. The epidermis from one leaf was peeled and placed on the mesophyll belonging to either the same species or another species. Stomatal responses to changes in irradiance and [CO2] were different when the epidermises were assayed in isolation as compared to those in contact with mesophyll tissue (Mott et al., 2008). By injecting various solutions into the leaf, the work of Sibbernsen and Mott (2010) suggested that the mesophyll signal must be gaseous, and, following later experiments, proposed vapour phase ions as the entities responsible for mesophyll control of guard cells and stomatal aperture (Mott and Peak, 2013; Mott et al., 2014). The study of Fujita et al. (2013) further tested this hypothesis by using different combinations of cellophane and polyethylene films inserted between an epidermal peel and the gel-based support medium. Only aqueous solutes could pass through the cellophane, whereas only gases could pass through the polyethylene film. No stomatal response to CO2 was observed when using polyethylene films. However, a response was reported when using cellophane film, which led the authors to conclude that the mesophyll to guard cell signal must be aqueous (Fujita et al., 2013).

Several studies have examined stomatal behaviour in epidermises from one leaf placed onto mesophyll from a different leaf or species (Mott et al., 2008; Shope et al., 2008; McAdam and Brodribb, 2012; Fujita et al., 2013). The study of McAdam and Brodribb (2012) used a grafting approach (called xenografts) to assess differential influences of mesophyll on seed plants relative to ferns and showed that stomatal closing in response to light was impaired in isolated peels of seed plants but not the older ferns or lycophytes (McAdam and Brodribb, 2012). However, to date, no study has investigated the stomatal responses of an epidermis transplanted onto mesophyll of a species with different photosynthetic metabolism. Specifically, we examined stomatal responses to changes in irradiance and [CO2] in the epidermis of the C3 plant Vicia faba when placed on the mesophyll of the CAM species K. fedtschenkoi and vice versa. This unique approach has several distinct advantages. Each photosynthetic type exhibits an opposing stomatal response to the light and dark periods, and the photosynthetic mesophyll cells of C3 and CAM species have markedly different metabolite pools at different times in the light and dark. Thus, we established an experimental system that provided novel insights into the question of whether or not a mesophyll-derived signal influences stomatal aperture responses. For example, the question “Will C3 epidermal stomata sampled in the light still open in response to light when transplanted onto CAM mesophyll from the light?” was investigated in this study.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Vicia faba (L.) (C3) seed and Kalanchoë fedtschenkoi (Hamet et Perrier) (CAM) clonal stem cuttings were grown in two identical controlled environments (PG660, Sanyo, UK) using 24 h cycles of 12-h light [390 (±10) μmol m−2 s−1 at the top of the canopy], 25°C, and 12-h dark, 18°C, and a constant vapour pressure deficit of 1(±0.1) kPa in the light and dark. In the first controlled environment, the 12-h light period was from 8:00 a.m. to 8:00 p.m., which will be known as the “light” chamber. The second controlled environment chamber had an inverted light and dark cycle, such that the 12-h light period was from 8:00 p.m. to 8:00 a.m., and thus, the chamber was in the 12-h dark period when the “light chamber” was in its 12-h light period from 8:00 a.m. to 8:00 p.m. This second chamber is hereafter referred to as the “dark” growth chamber. Plants were grown in 0.5 L pots containing peat-based compost (Levington F2+S, ICL, UK) and were watered daily. V. faba plants used during the experimental period were at least 4-weeks post-emergence, and K. fedtschenkoi were at least 2 months old and had acclimated to their respective controlled environment for at least 2 months. The youngest fully expanded leaves were used from the V. faba, whilst mature leaves (older than 6 leaf pairs down from the apical meristem) were used from K. fedtschenkoi to ensure the leaves were CAM, as younger leaves have been shown to operate as C3, with a gradual developmental progression to full CAM in leaf pair six and older (Jones, 1975; Hartwell et al., 1999; Borland et al., 2009; Boxall et al., 2020).



Preparation of Leaf Material

Leaf segments at 11 × 15 mm in size were cut from the central mid lamina of selected leaves and exposed mesophyll was generated by peeling away the abaxial epidermis with the aid of broad-tip tweezers. Isolated epidermises were prepared in the same way from the lower surface of leaves of both species and were washed with distilled water after peeling. Visual examination of these epidermises showed that essentially no mesophyll cells remained. The prepared material was immediately placed on a 3 cm diameter philtre paper saturated with distilled water, or if used as an isolated epidermis, placed on philtre paper saturated with incubation media following the methods of Mott et al., 2008 (3 ml of 50 mM KCl and 1 mM CaCl2). It should be noted that no buffers were used to prevent counteraction of the membrane H+-ATPase, which could influence stomatal movements.



Incubation Chamber Design and Microenvironment

The prepared leaf materials were mounted into a gas-tight cuvette (Type 7937, ADC Bioscientific, UK) attached to a microscope (Leica, Leitz, DMRX, Wetzlar, Germany) (Supplementary Figure 1). The cuvette was constructed from two aluminium blocks, similar to that described in the study by Shope et al. (2008), giving a total sample volume of 6 cm3. The upper section of the cuvette was connected to the microscope lens with a condom, which allowed stomatal images to be recorded whilst maintaining the gaseous environment. The lower section of the cuvette contained a 3.5 cm diameter optical window to allow sample illumination. The cuvette was unstirred, using an internal plenum around the diameter of the cuvette to deliver mixed gas flow. The temperature of the cuvette was maintained at 23 ± 1°C by a chilled water bath supplying integral water jackets in both the upper and lower cuvette sections. The concentration of CO2 inside the cuvette was controlled using an infrared gas analyser (IRGA 6400, Licor, NE, USA) at a flow rate of 500 μmol s−1 and vapour pressure deficit of 1 ± 0.1 KPa.

The segment of intact leaf and epidermal-mesophyll transfer material was illuminated through the optical window of the lower cuvette section. A white light source (XBO 75 W/HBO 100 W, Leica, Wetzlar, Germany) delivered a light intensity of 400 ± 10 μmol m−2 s−1 PAR at the surface of the epidermal peel. However, to allow measurements of stomatal opening during dark experimental periods, this was switched to a green LED light source (Luxeon Star, Lumileds Holding B.V., CA, USA) at an actinic intensity of 100 ± 10 μmol m−2 s−1 PAR which resulted in an intensity of 10 μmol m−2 s−1 on the abaxial surface (as shown in Supplementary Figure 2). Greenlight was selected in order to minimise photosynthesis and the associated changes in [CO2], and although several studies have suggested that stomata can respond to green light, these are mostly associated with reversal of blue light responses (Talbott et al., 2002) or minimal opening responses compared with other wavelengths (Wang et al., 2011). One stoma was measured per day, and all response curves were started between 8:30 and 8:40 a.m. and finished between 2:45 and 3:00 p.m., respectively.

In all of the experiments, the light was changed sequentially from 400 to 0 μmol m−2 s−1 for 60 min and then returned back to 400 μmol m−2 s−1, at a stable [CO2] of 120 μmol mol−1, after which [CO2] was changed sequentially from 120 to 650 μmol mol−1 for 60 and then back to 120 μmol mol−1. Afterward, 60 min was allowed for stomata to respond to darkness or higher [CO2]. A low initial [CO2] was used to ensure that stomata in all tissues experienced a similar [CO2], as [CO2] in intact leaves or grafted material would have reduced internal CO2 due to photosynthetic CO2 drawdown.



Determination of Stomatal Aperture

Stomatal apertures were measured using a camera (Bresser-Mikrocam 5-megapixel camera, 2,592 × 1,944, Rhede, Germany) attached to the microscope and connected to a personal computer (Supplementary Figure 2). Digital imaging software (Image J; U.S. National Institutes of Health, MD, USA, https://imagej.nih.gov/ij/) was used to measure apertures following calibration with a stage graticule. Each figure shows the results from three to four experiments conducted on different plants of the same age maintained under identical growth environments. As only a single stoma could be measured in the field of view, measurements were conducted over multiple days (3–4) and the data was used to generate mean responses.



Statistical Analyses

The data are shown as the means ± SE of three or four independent experiments. Possible differences among the mean values of data were analysed using ANOVA-factorial, and the means were compared with a Newman-Keuls test. The data were analysed using Statistica 8 (StatSoft. Inc., Tulsa, OK 74104, USA).




RESULTS


Titratable Acidity

In Crassulacean acid metabolism species, titratable acidity (TA) correlated directly with nocturnal CO2 fixation and associated malic acid accumulation, and light period malate decarboxylation (Borland et al., 2009). Therefore, we measured titratable acid (TA) at dawn and dusk in order to determine the degree of CAM. As a direct confirmation that the K. fedtschenkoi leaves were operating the CAM pathway, the TA content was highest at dawn in the CAM leaves, approximately double the content of CAM leaves at dusk (Supplementary Figure 3). By contrast, only a negligible quantity of TA was measured in C3 V. faba leaves, and the level did not vary markedly between dawn and dusk (Supplementary Figure 3). No significant differences were observed in the temporal variations in TA for the plants grown in either of the two chambers (“light” and “dark”), demonstrating that the key metabolic correlates of CAM in the K. fedtschenkoi leaf mesophyll were likely to be identical regardless of whether the plants were experiencing their dark period between 8:00 p.m. and 08:00 a.m. (“light” chamber), or between 8:00 a.m. and 8:00 p.m. (“dark” chamber).



C3 and CAM Stomatal Responses of Plants in the “Light” Growth Chamber

To examine the C3 physiology of V. faba, peeled epidermises transplanted back onto exposed V. faba mesophyll, stomatal responses in both intact leaf segments (Figure 1A), and abaxial epidermal peels placed onto the exposed mesophyll of a different leaf (Figure 1B) were assessed. In addition, epidermal peels in which the mesophyll was completely removed were also measured (Figure 1C). Stomata of V. faba sampled from the “light” chamber responded to light intensity as expected for a C3 species (Figure 1). Stomatal aperture increased during the first incubation phase with 400 μmol m−2 s−1 light intensity, with apertures reaching about 8 μm, followed by a decrease in aperture to ca. 4 μm when the light was turned off (Figure 1). Restoration of the light to 400 μmol m−2 s−1 resulted in apertures returning to values close to those before the dark treatment. Exposure to 1 h high CO2 (650 μmol mol−1) decreased aperture by around 42%, returning to initial values when [CO2] was returned to the original level of 120 μmol mol−1 (Figure 1). The magnitude of the changes in the stomatal aperture in response to changing light intensity was similar in both the intact leaf segments and the epidermal-mesophyll peeled and transplanted material, illustrating that removing the epidermis from V. faba and transplanting it onto exposed mesophyll of an equivalent leaf had little effect on the ability of stomata to function or any influence on a potential putative mesophyll signal (Figure 1B). Isolated epidermis responded to both changing light intensity and [CO2] concentration, similar to the intact leaf segments (Figure 1C), although the responses in the latter part of the experiment were dampened.
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FIGURE 1. (A) Vicia faba leaf segment; (B) Abaxial peeled epidermis of Vicia faba leaf on abaxial exposed mesophyll of Vicia faba, from the “light” growth chamber; (C) Abaxial isolated epidermis of Vicia faba leaf, from the “light” growth chamber (normal light period 8:00 a.m. to 8:00 p.m.). Light intensity was changed from photon flux density of 400 ± 10 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1°C. The values are means of four repetitions (± SE). The sun symbol represents plants taken from the light-grown chamber.


The equivalent experiment to that described above was performed using full CAM leaves of K. fedtschenkoi sampled from the “light” chamber (Figure 2). In this species, stomatal apertures increased by ~40% upon dark treatment of the intact leaf segment (Figure 2A), or when the abaxial epidermis from one leaf was transplanted onto the mesophyll of a different, but equivalent leaf, and switched into darkness (Figure 2B). The aperture returned to the initial lower value of about 4 μm when the light was turned on again (Figure 2B). Increasing [CO2] from 120 to 650 μmol mol−1 resulted in a slight decrease in the aperture in the epidermal-mesophyll transfer material in the light (Figure 2B), but the little stomatal movement was observed in the intact leaf segment (Figure 2A). As discussed above, stomata within leaf epidermal peels placed on exposed mesophyll showed similar responses to the intact leaf segment, supporting the conclusion that peeling the epidermis and transplanting it onto exposed mesophyll resulted in the expected stomatal responses for a CAM species, which were observed for the intact leaf segments (cf. Figures 2A,B). Interestingly, under these experimental conditions, stomata of the CAM species appeared to be less sensitive to changing [CO2] as compared with their response to light intensity, and when compared with stomatal responses to [CO2] in C3 V. faba (Figure 1). Isolated epidermises again showed similar responses to both changing light intensity and [CO2] concentration as an intact leaf segment, although the initial dark and low [CO2] induced opening was dramatically more pronounced (Figure 2C).
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FIGURE 2. (A) Kalanchoë fedschenkoi leaf segment; (B) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf on abaxial exposed mesophyll of Kalanchoë fedschenkoi, from the “light” growth chamber; (C) Abaxial isolated epidermis of Kalanchoë fedschenkoi leaf, from “light” growth chamber (light period 8:00 a.m. to 8:00 p.m.). Light intensity was changed from photon flux density of 400 ± 10 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1°C. The values are means of four repetitions (± SE). The sun symbol represents plants taken from the light-grown chamber.


To investigate the influence of CAM mesophyll tissue on epidermal peels from the C3 species V. faba, isolated epidermises of the C3 species were grafted onto the exposed mesophyll of CAM K. fedtschenkoi leaves, and vice versa (Figure 3). When C3 V. faba epidermises were transplanted onto K. fedtschenkoi mesophyll, the V. faba stomata proceeded to close in response to “light off” and opened when the light was switched on again (Figure 3A). This was consistent with the result observed when V. faba epidermis was transplanted onto the exposed V. faba mesophyll of an equivalent leaf (Figure 1B). Stomata in epidermal peels from CAM leaves of K. fedtschenkoi exhibited a different behaviour when transplanted onto exposed C3 mesophyll from V. faba (Figure 3B). Under these conditions, the K. fedtschenkoi CAM stomata closed in response to darkness, which was the opposite of the behaviour of CAM intact leaves, peels, or when CAM peels were placed on CAM mesophyll (Figure 2). When light intensity was increased, a strong increase in the aperture was observed, which was reduced under high [CO2] (albeit less than in the C3 responses in Figure 1), and, once again, aperture increased when [CO2] was lowered (Figure 3B).
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FIGURE 3. (A) Abaxial peeled epidermis of Vicia faba leaf on abaxial exposed mesophyll of Kalanchoë fedschenkoi leaf from the “light” growth chamber; (B) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf on abaxial exposed mesophyll of Vicia faba leaf, from the “light” growth chamber (light period 8:00 a.m. to 8:00 p.m.). Light intensity was changed from photon flux density of 400 ± 10 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1°C. The values are means of four repetitions (± SE). The sun symbol represents plants taken from the light-grown chamber.




C3 and CAM Stomatal Apertures in the Reverse Growth Chamber

All of the experiments outlined above were carried out using leaves from plants grown in the “light” chamber, lights came on at 8:00 a.m. and switched off at 8:00 p.m. As described above, CAM physiology is very different from that of C3 plants, with stomata opening for atmospheric CO2 uptake and primary fixation during the nocturnal phase of the diel cycle. Due to this, the next set of experiments were performed on plants entrained in a reverse phase “dark” growth chamber in which the 12-h dark period (8:00 a.m. to 8:00 p.m.) corresponded with the 12-h light period in the “light” chamber, and vice versa. The light period was from 8:00 p.m. to 8:00 a.m. in the “dark” chamber, when the normal chamber had 12-h dark (Figures 4–6).
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FIGURE 4. (A) Vicia faba leaf fragment from the “dark” cabinet.; (B) Abaxial isolated epidermis of Vicia faba leaf from the “dark” growth chamber (reverse light period 8:00 p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 ± 10 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1°C. The values are means of four repetitions (± SE). The moon symbol represents plants taken from the dark-grown chamber.


Vicia faba C3 stomata in the intact leaf segments showed the same behaviour as in the first experiment using the plants from the “light” chamber, although here aperture values were near zero at the start of the experiments, which was consistent with the dark conditions inside the growth chamber prior to the sampling of the leaves for the experiments (cf. Figure 4A with Figure 1A). Furthermore, the V. faba epidermal peel without mesophyll showed a similar response to the intact leaf fragment, with the exception of the start of the experiment, when the peels showed a high and stable conductance compared with the leaf segment, which initially had much lower apertures and increased with time in the light (Figure 4A). It was notable that the responses to light in the dark period samples were faster and of a greater magnitude (Figure 4B) when compared with the epidermal peels from plants entrained in the “light” chamber (Figure 1C).

At the start of the experiment, K. fedtschenkoi CAM stomata in the intact leaf segments from the “dark” cabinet showed some of the highest initial stomatal aperture values observed among the treatments (ca. 8 μm, Figure 5A). Stomata responded to the higher light intensity of the cuvette by closing, then opened slightly when the light was turned off, and subsequently closed during the latter part of the experiment when [CO2] was altered. Surprisingly, no response to either light intensity or [CO2] was observed in the dark sampled CAM epidermal peels from the “dark” chamber (Figure 5B).
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FIGURE 5. (A) Kalanchoë fedschenkoi leaf segment from the “dark” growth chamber; (B) Abaxial isolated epidermis of Kalanchoë fedschenkoi leaf, from the “dark” growth chamber (light period 8:00 p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 ± 10 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1°C. The values are means of four repetitions (± SE). The moon symbol represents plants taken from the dark-grown chamber.


When the epidermis was removed at the start of the dark period from plants grown in the “dark” growth conditions and placed on the mesophyll of plants grown in the “dark” conditions, stomata of the C3 V. faba epidermis were placed onto K. fedtschenkoi exposed mesophyll performing CAM showed the same behaviour as stomata in C3 intact leaves in the dark (Figures 4A, 6A). In contrast, stomata in the CAM epidermis exposed to C3 mesophyll from the “dark” chamber showed limited response to changes in light intensity (Figure 6B), unlike plants grown in the “light” cabinets (Figure 3B). A dampened, but typical C3 CO2 response was observed, with aperture decreasing slightly with increasing [CO2] and opening when [CO2] was lowered (Figure 6B), which was similar to the CO2 response observed in the light-grown material (Figure 3B).
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FIGURE 6. (A) Abaxial peeled epidermis of Vicia faba leaf on abaxial exposed mesophyll of Kalanchoë fedschenkoi leaf both from the “dark” growth chamber; (B) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf on abaxial exposed mesophyll of Vicia faba leaf from the “dark” growth chamber (reverse light period 8:00 p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23°C. The values are means of four repetitions (± SE). The moon symbol represents plants taken from the dark-grown chamber.


Finally, when the epidermis from CAM K. fedtschenkoi leaves grown in the “light” cabinet was placed on mesophyll from the “dark” cabinet and subjected to changes in light intensity and [CO2], stomata showed the typical CAM response to light by increasing aperture in darkness and decreasing aperture when light intensity was increased (Figure 7A). In response to high [CO2], stomata closed, although this response was not of the same magnitude as the response to light (Figure 7A). However, when the epidermis from dark sampled CAM leaves grown in the “dark” cabinet was placed on mesophyll from the “light” cabinet and subjected to the same light and CO2 changes, stomata showed no response to light or changing [CO2], with stomatal aperture maintained <4 μm (Figure 7B).
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FIGURE 7. (A) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf from the “light” growth chamber, on abaxial exposed mesophyll of Kalanchoë fedschenkoi leaf, from the “dark” growth chamber; (B) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf from the “dark” growth chamber, on abaxial exposed mesophyll of Kalanchoë fedschenkoi leaf from the “light” growth chamber (light period 8:00 a.m. to 8:00 p.m.), and from the “dark” growth chamber (reverse light period 8:00 p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 ± 1 0 μmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 μmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1°C. The values are means of four repetitions (± SE). The sun symbol represents plants taken from the light-grown chamber and the moon symbol represents plants taken from the dark-grown chamber.





DISCUSSION

In this study, we compared stomatal responses and the influence of mesophyll on stomatal aperture in two species with different types of photosynthetic metabolism, namely V. faba (C3) and K. fedtschenkoi (CAM). We showed that stomata from isolated peels (in which the influence of mesophyll had been removed) behaved in a similar manner (although sometimes with different magnitudes for response) to both intact leaf segments and epidermal transfers, with exception of those from the CAM “dark” chamber (Figure 5B). Stomatal responses observed in the C3 V. faba samples were as expected (Olsen et al., 2002; Fujita et al., 2013), with a characteristic opening in response to increasing light intensity, closure in response to dark, and closure at high [CO2] (Lawson and Blatt, 2014). In contrast, the stomatal aperture in the CAM leaf sections/peels sampled in the light, as well as intact leaf segments sampled in the dark, increased in response to darkness (Figures 2, 5A), although it was noteworthy that dark sampled K. fedtschenkoi epidermal peels did not respond to changes in light or [CO2] (Figure 5B). To date, we are unaware of any previous studies that reported stomatal opening as a direct response to darkness in CAM plants, and the fact that this could be observed in isolated peels from CAM leaves sampled in the light (Figure 2C) suggested that light intensity is perceived by the guard cells themselves. Although it was well established that CAM plants open stomata in the dark period (Cockburn, 1983), this has been associated with the reduction in Ci when PPC activity in the mesophyll increases at dusk (Wyka et al., 2005; Griffiths et al., 2007; von Caemmerer and Griffiths, 2009). Similarly, stomatal closure during the light period was thought to be driven by the generation of internal CO2 (increased Ci) due to the decarboxylation of stored malic acid (Cockburn et al., 1979; Spalding et al., 1979). The above theoretical framework for understanding the physiological responses of stomata in CAM species implied that a mesophyll signal (including Ci) was required for stomatal responses to changes in light and [CO2], which was not fully supported by our findings.

Specifically, the findings presented here suggest the presence of additional autonomous guard cell behaviour in the guard cell pairs of CAM leaves of K. fedtschenkoi. However, this can be overridden by the presence of C3 mesophyll (Figure 3B), indicating that stomatal behaviour in CAM plants can be influenced by a signal transmitted from the mesophyll in stomatal responses to light intensity, as has been proposed for C3 and C4 plants (Shimazaki et al., 2007).


Stomatal Responses to Changes in Light Intensity

In C3 and C4 plants, stomatal responses to light are divided into two categories (Matthews et al., 2020). The first is the red light or photosynthetic response, which is dependent on mesophyll and/or guard cell chloroplasts (Mott et al., 2008; Suetsugu et al., 2014), and is often closely associated with stomatal responses to Ci as described above (although other signals have been suggested; see Lawson et al., 2014, 2018). The second is the blue light (BL) response. This is independent of photosynthesis and the result of a signalling cascade that starts with the perception of low fluence rates of BL in the guard cells by phototropin (Kinoshita et al., 2001, 2003; Inoue et al., 2008) which triggers the action of the plasmalemma H+-ATPase pumps, resulting in hyperpolarization of the plasma membrane and stomatal opening. Interestingly a recent study has shown that guard cell H+ -ATPase pumps were also activated by red light and their action correlates with the stomatal opening. However, DCMU abolished this response indicating that a photosynthetic factor in the mesophyll was also required (Ando and Kinoshita, 2018). A subsequent study confirmed red light-driven stomatal opening in epidermal peels of Commelina communis, although mesophyll involvement was not essential. However, the presence of mesophyll tissue accelerated stomatal opening (Fujita et al., 2019). The stomatal BL response is species-specific (Vialet-Chabrand et al., 2021), and has been reported to be absent in the facultative CAM species Mesembryanthemum crystallinum when the plant shifts from C3 metabolism to CAM (Tallman et al., 1997). In contrast to this, a recent study reported BL-dependent stomatal opening in the obligate CAM plants K. pinnata and K. daigremontiana, and that BL-induced opening was not linked to CO2 assimilation (Gotoh et al., 2019). Since our study was conducted using white light on peels, our findings could support CAM guard cell perception of blue (or red) light in K. fedtschenkoi leading to a change in aperture (in a different direction to C3 and depending on whether the CAM leaf was sampled from the light or dark period). Even more intriguing was the fact that V. faba C3 mesophyll overrode the stomatal response of the K. fedtschenkoi CAM epidermis sampled in the light. This finding supported the proposal that a mesophyll-derived signal can dominate over a guard cell signal resulting in stomata in CAM peels behaving as C3 in response to light (Figure 3B). Interestingly, CAM mesophyll was unable to override the C3 stomatal response in peels from V. faba (Figure 3A).



The Influence of Mesophyll on Stomatal Responses

Several studies in C3 species have shown that a mesophyll signal other than [CO2] is required to drive stomatal responses (Mott et al., 2008; Fujita et al., 2013, 2019), and the same may also be true for CAM stomata. Isolated C3 epidermal peels responded to changing light intensity and [CO2], at a slower and reduced magnitude of response (Figure 1C) supporting the involvement of a mesophyll signal (Mott et al., 2008), but indicated that this is not essential. Other studies have shown that the speed of stomatal responses to light in peels also depends on epidermal turgor pressures (as shown in Zeiger et al., 1987 and references therein). The nature of a mesophyll signal remains unclear, some studies have suggested that guard cell chloroplastic photosynthetic electron transport is involved in C3 stomatal behaviour (Olsen et al., 2002; Lawson et al., 2002, 2003; Lawson, 2009), while others suggested a vapour ion (Mott et al., 2014) or aqueous signal (Fujita et al., 2013).

The study of Mott et al. (2008) reported no stomatal responses to light and [CO2] in epidermal peels from Vicia, Tradescantia, or Pisum. However, they also showed that stomatal responses were restored in Tradescantia and Pisum, but not Vicia, when the peels were grafted back onto the underlying mesophyll. The authors used these data to suggest that the mesophyll is responsible for detecting changes in light and [CO2] and a mesophyll-driven signal coordinates changes in stomatal aperture. These findings did not entirely agree with our data since we demonstrated a stomatal response in both Vicia epidermal peels with and without the mesophyll, although the stomatal response to [CO2] was greatly dampened in some peel experiments, suggesting that a mesophyll signal plays a role in the CO2 response. A major difference between our experiments and those conducted by Mott et al. (2008) was their use of a 12-h incubation time of epidermal peel samples before use, which may have altered any stored carbohydrates, e.g., starch, within the guard cells, and/or lead to greater stomatal apertures in peels due to hydro-passive effects both of which could have influenced stomatal behaviour. The study of McAdam and Brodribb (2012), using a similar xenografting approach to ours demonstrated that stomata responded to increasing light intensity in isolated peels of angiosperms but closure to decreasing light was not observed and only restored when they were placed back onto their own mesophyll or the mesophyll from ferns. Although our data for the isolated epidermises of V. faba illustrated stomata closing in response to decreasing light, the response to increasing light and [CO2] after this closure were somewhat dampened. The lower ambient [CO2] used in our experiment could explain some of the differences between our experiments and those of McAdam and Brodribb (2012).

In this study, we had shown that CAM stomatal responses to changing [CO2] (particularly in material with attached K. fedtschenkoi mesophyll) were somewhat dampened compared with the C3 response in V. faba (Figures 1, 2), and whether the plant was sampled from the dark period or the light period prior to measurements did not influence the responses (Figures 4, 5). The fact that these measurements were performed under illumination and stomata responded to changes in light intensity may suggest that light signals override other signals including those driven by changing [CO2] (Lawson et al., 2010). However, when CAM epidermal peels were placed on C3 mesophyll (from either light or dark chamber) stomata opened in response to a decrease [CO2] (Figures 3B, 6B). The greater sensitivity to [CO2] of CAM stomata when grafted onto C3 mesophyll could be explained by an enhanced CO2 draw-down from C3 metabolism, which for V faba has photosynthetic rates of around 20 μmol m−2 s−1 (e.g., Lawson and Blatt, 2014), which was generally greater than K. fedtschenkoi which has been reported to be somewhere between 5 and 8 μmol m−2 s−1 (e.g., Boxall et al., 2020; Ceusters et al., 2021). These findings could also suggest that signals in the CAM mesophyll are preventing stomatal opening supporting a role for mesophyll signals as well as Ci in stomatal responses. Several studies support the suggestion, that Ci is not the only and major signal to which CAM stomata respond and that other signals must be involved (von Caemmerer and Griffiths, 2009 Males and Griffiths, 2017).



Stomatal Aperture Responses Using Leaves Sampled From the Dark seriod

Crassulacean acid metabolism has a completely different diel pattern of gas exchange physiology and associated mesophyll metabolism in comparison with C3 plants, plus both the circadian clock, along with malic acid content stored in the mesophyll vacuole, are believed to play important roles in CAM stomatal responses (Wilkins, 1991; Nimmo, 2000; Dodd et al., 2002; Borland et al., 2006; Hartwell, 2006). Due to this distinctive temporal regulation of stomatal physiology associated with CAM, we also repeated the epidermal peel transfer experiments using plants in which the lighting regime had been swapped and grown under a “dark” regime and sampled at the start of the dark period (Figures 4–7). When grown in the “dark” growth chamber, stomata on leaf segments from C3 V. faba plants showed little difference in their responses compared with the “light” conditions (Figures 1, 4). However, stomatal responses in the isolated epidermis from the “dark” grown plants showed much more rapid responses compared with the whole leaf segment of plants sampled from the “light” regime (Figure 4B). It is noteworthy that maximum stomatal aperture was initially observed in V. faba peels from the dark material, which might be due to pre-dawn stomatal opening, or due to biological or technical differences when sampling dark material. Surprisingly stomata in CAM epidermal peels from the “dark” chamber (Figure 5B) were unresponsive to both light and [CO2] and this response was not restored by placing the epidermal peels onto CAM mesophyll from the light period (Figure 7B). Stomata in C3 V. faba peels sampled in the dark period and placed onto dark sampled K. fedtschenkoi CAM mesophyll (Figure 6A), showed a typical C3 type stomatal response, with relatively large magnitudes of change. The second and third light switch events showed some deviation from the expected results with stomata starting to open even though the light was off, and this is most likely due to lags in stomatal behaviour (Lawson and Matthews, 2020) and/or sluggish stomatal responses in peels that have been reported previously (Lee and Bowling, 1992; Roelfsema et al., 2002). These findings could also indicate a slow CAM mesophyll response. When CAM K. fedtschenkoi epidermises sampled from the dark were placed on C3 V. faba mesophyll from the dark period, the stomatal aperture showed very little response to changing light intensity and remained at a steady aperture (Figure 6B). However, a typical, although small, C3 type response was observed with changing [CO2]. These data and those from the other experiments presented indicated strongly that stomatal responses to [CO2] are influenced by the presence of the mesophyll.

These findings could be explained solely by changes in Ci, as light would trigger activation of Calvin cycle enzymes in C3 which would drive the mesophyll consumption of CO2, reducing Ci, which should have elicited changes in stomatal aperture during light-dark transitions (Roelfsema et al., 2002) which were not observed. It is worth noting that, unlike leaves from the “light” growth chamber (Figure 3B), C3 mesophyll from plants grown in the “dark” chamber was unable to drive a stomatal response to light (Figure 6B). This provided strong support for the proposal that in the plants from the “dark” chamber, there was a factor missing from either the guard cells themselves, or such a factor needs to be provided from the CAM “dark” mesophyll and is essential for light-driven stomatal behaviour.

To further investigate the influence of the CAM mesophyll/photosynthetic signals on stomatal responses, we conducted a reciprocal epidermal peel transfer experiment in which epidermis from K. fedtschenkoi grown in the “light” chamber was placed on CAM mesophyll from plants in the “dark” chamber, and vice versa (Figure 7). In the first part of this experiment, stomata in epidermal peels from the light transplanted onto exposed mesophyll from the dark displaying a typical CAM response (cf. Figures 2, 7) to light although the CO2 response was dampened. However, when K. fedtschenkoi CAM leaf epidermal peels from the dark period were transplanted onto the CAM mesophyll from the “light” cabinet, no stomatal responses to light or [CO2] were observed (Figure 7B). Under the first conditions, the K. fedtschenkoi mesophyll had just experienced a 12-h dark period and would therefore be transitioning through Phases II and III of CAM, producing internal CO2 through decarboxylation of stored malate, which could explain the lack of a stomatal response. However, this was not the case when dark period V. faba epidermal peels were placed on dark period CAM mesophyll (Figure 6A), suggesting that C3 V. faba guard cells in the dark period were not influenced by the K. fedtschenkoi CAM mesophyll that they were transplanted onto.

Our findings suggested both a direct mesophyll influence and a guard cell-specific response, depending on the growth environment. The guard cell-specific component was demonstrated for CAM peels sampled from the light period, which responded to light, whereas the lack of any stomatal response in epidermal peels taken from CAM leaves of K. fedtschenkoi plants sampled in the dark (Figures 5B, 7B) has supported the requirement for a mesophyll signal, as demonstrated for the intact leaf segment (Figure 5A). Furthermore, the fact K. fedtschenkoi peels from the “light” chamber grown plants were able to respond to both light off and the light was switched back on (Figure 2C), suggesting that the light period K. fedtschenkoi guard cells had the required stores and/or metabolites and other regulatory/signalling components required for guard cell osmoregulation and that these might be lacking in guard cells sampled from the “dark”'chamber plants (see Lawson et al., 2014, 2018).

Under the conditions of the present study, a logical hypothesis was that stomata would be less responsive, particularly to changes in light intensity, due to the fact that CAM leaves sampled from the “light” growth chamber would possess high levels of malic acid, Furthermore, we hypothesised that leaves sampled from the “dark” growth chamber would open stomata more readily due to the low malic acid content early in the dark period when the experiments were started. However, our findings demonstrated that the mechanism is not as simple as this, as CAM mesophyll sampled from both the light and the dark period stimulated stomatal responses in C3 and CAM peels sampled from the light period. Conversely, stomata in K. fedtschenkoi epidermal peels from the dark period had no response, supporting the conclusion that both stored products in guard cells and signals from mesophyll cells influence stomatal responses.

In summary, we concluded that guard cells can respond independently of the mesophyll, but this was greatly dampened when underlying mesophyll signals were removed. These results further highlighted the importance of the mesophyll for both the rapidity and the magnitude of the observed stomatal aperture responses. Furthermore, we had demonstrated that mesophyll signals could alter the typical CAM stomatal response, with C3 V. faba mesophyll tissue able to stimulate the stomata in K. fedtschenkoi epidermal peels from CAM leaves sampled in the light growth chamber to behave like those of a C3 plant (Figure 3B). Therefore, both mesophyll and guard cell metabolism and/or cell signalling machinery contributed to stomatal responses. Additionally, mesophyll influences were not solely through changes in Ci (although these clearly play an important role) but also through some other unknown signal.
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Supplementary Figure 1. Photograph of the microscope system along with leaf section chambers.
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Stomata in the plant epidermis open in response to light and regulate CO2 uptake for photosynthesis and transpiration for uptake of water and nutrients from roots. Light-induced stomatal opening is mediated by activation of the plasma membrane (PM) H+-ATPase in guard cells. Overexpression of PM H+-ATPase in guard cells promotes light-induced stomatal opening, enhancing photosynthesis and growth in Arabidopsis thaliana. In this study, transgenic hybrid aspens overexpressing Arabidopsis PM H+-ATPase (AHA2) in guard cells under the strong guard cell promoter Arabidopsis GC1 (AtGC1) showed enhanced light-induced stomatal opening, photosynthesis, and growth. First, we confirmed that AtGC1 induces GUS expression specifically in guard cells in hybrid aspens. Thus, we produced AtGC1::AHA2 transgenic hybrid aspens and confirmed expression of AHA2 in AtGC1::AHA2 transgenic plants. In addition, AtGC1::AHA2 transgenic plants showed a higher PM H+-ATPase protein level in guard cells. Analysis using a gas exchange system revealed that transpiration and the photosynthetic rate were significantly increased in AtGC1::AHA2 transgenic aspen plants. AtGC1::AHA2 transgenic plants showed a>20% higher stem elongation rate than the wild type (WT). Therefore, overexpression of PM H+-ATPase in guard cells promotes the growth of perennial woody plants.

Keywords: PUMP, PM H+-ATPase, guard cell, stomatal conductance, hybrid aspen


INTRODUCTION

In an era of global climate change and food shortages, finding ways to improve the absorption of CO2 by land plants is becoming an increasingly important issue. Stomatal pores in the epidermis are surrounded by two guard cells and are important for capturing CO2. Stomata are found mainly on the surface of leaves in land plants. Because the leaf surface is almost impermeable to air and water, the stomatal pores are the primary pathway for diffusion of CO2, O2, and water vapour between the atmosphere and interior of the leaf (Willmer and Fricker, 1995). Enhancement of gas exchange by stomatal opening is essential for photosynthesis and transpiration (Shimazaki et al., 2007). Stomatal transpiration limits photosynthesis in rice (Kusumi et al., 2012). Therefore, increasing the stomatal opening and transpiration could enhance photosynthesis and thus plant growth. Condon et al. (1987) examined diverse wheat genotypes and found that increasing stomatal conductance, especially abaxial stomatal conduct, enhanced crop biomass. Transgenic Arabidopsis thaliana (Arabidopsis) overexpressing plasma membrane (PM) H+-ATPase, a key enzyme for stomatal opening, in guard cells promotes light-induced stomatal aperture opening, photosynthetic activity, and plant growth (Wang et al., 2014). Furthermore, the overexpression of PM H+-ATPase in rice increases stomatal opening, nutrient uptake, and photosynthesis, thus enhancing grain yield in paddy fields (Zhang et al., 2021). Therefore, we propose designating plants overexpressing PM H+-ATPase as Promotion and Upregulation of plasma Membrane Proton-ATPase (PUMP) plants.

Light stimulates the stomatal opening, and there are several mechanisms of stomatal opening in response to light of different wavelengths (Shimazaki et al., 2007; Inoue and Kinoshita, 2017). Blue light is a major stimulator of the stomatal opening. The blue light receptors, phototropins (phot1 and phot2), activate PM H+-ATPase in the PM by binding 14-3-3 protein to the phosphorylated penultimate residue, threonine (Thr; Kinoshita and Shimazaki, 1999; Kinoshita et al., 2001). Following activation by blue light, PM H+-ATPase induces hyperpolarisation of the PM, allowing K+ uptake through inwardly rectifying K+ (K+in) channels (Shimazaki et al., 2007). The accumulation of K+ causes guard cells to swell and pores to open. Several signal components – such as blue light signalling 1 (BLUS1), type 1 protein phosphatase, and blue light-dependent H+-ATPase phosphorylation (BHP) – mediate blue light-dependent signalling in guard cells (Takemiya et al., 2013; Hayashi et al., 2017). Red light opens stomata by decreasing the intercellular CO2 concentration (Ci) and photosynthesis in leaf chloroplasts and stomata (Sharkey and Ogawa, 1987; Roelfsema and Hedrich, 2005; Vavasseur and Raghavendra, 2005). However, the mechanism of the stomatal response to red light is unclear (Baroli et al., 2008; Wang et al., 2011). Red light induces stomatal opening in whole leaves by activating PM H+-ATPase via photosynthesis-dependent phosphorylation of its penultimate residue, Thr (Ando and Kinoshita, 2018).

Forest trees fix atmospheric CO2 mainly into wood biomass. Indeed, forest products, such as timber, contain large amounts of carbon, contributing to mitigation of climate change. Populus is one of the fastest growing trees in the Northern Hemisphere and is ideal for furniture, paper pulp, and biofuel production. The genomic sequence of Populus trichocarpa was published in 2006 (Tuskan et al., 2006), facilitating transgenic approaches to improving the growth and wood properties of Populus species. Enhancement of tree growth and biomass production is typically accomplished by overexpression of endogenous and exogenous Populus genes and by RNAi repression of Populus endogenous genes (reviewed in Dubouzet et al., 2013). For example, photosynthetic yield and assimilation have been modified to increase plant biomass in Populus. In P. trichocarpa, the overexpression of Populus Photoperiod Response 1, which is associated with starch accumulation, enhances starch accumulation in transgenic plants, thereby increasing biomass production in stem and root (Zawaski et al., 2012). Because the PUMP plant’s strategy is effective in eudicotyledonous and monocotyledonous plants, it may also be useful for enhancing photosynthetic activity and biomass production in perennial woody plants.

In this study, the PUMP plant’s strategy was applied to hybrid aspen (Populus tremula×Populus tremuloides), a perennial woody plant, to enhance plant growth and biomass production. Overexpression of Arabidopsis PM H+-ATPase (AHA2) under CaMV35S promoter could not be achieved in hybrid aspen. Therefore, we used the guard cell-specific promoter Arabidopsis GC1 (AtGC1) to overexpress AHA2 in hybrid aspen. AtGC1 was active in guard cells in hybrid aspen as in Arabidopsis. AtGC1::AHA2 transgenic hybrid aspens showed higher stomatal conductance and photosynthetic rate compared to wild-type (WT) plants. The transgenic plants were taller and had more biomass than WT plants when grown in a greenhouse for 2months. Therefore, the PUMP plant’s strategy can increase growth and biomass production in perennial plants.



MATERIALS AND METHODS


Phylogenetic Tree and Bioinformatics

Plasma membrane H+-ATPase genes were retrieved from genomic databases for A. thaliana (The Arabidopsis Information Resource, TAIR) and P. trichocarpa (Phytozome v. 12.1). Amino acid sequences were aligned using ClustalW. Evolutionary distances were computed using the Jones-Taylor-Thornton (JTT) matrix-based method with the complete-deletion option (Jones et al., 1992). Phylogenetic trees were constructed by the neighbour-joining (NJ; Saitou and Nei, 1987) and maximum-likelihood (ML) methods. Bootstrap values were calculated with 1,000 replications using the NJ (Felsenstein, 1985) and ML methods in MEGA7 software (Kumar et al., 2016).

Tissue-specific gene expression patterns of 13 Populus PM H+-ATPase genes were examined by re-analysing the RNA sequencing data (Shi et al., 2017). We normalised the raw count data set obtained by RNA sequencing (GSE81077) for xylem, phloem, leaf, shoot, and root with trimmed mean M-values using edgeR v. 3.18.1 (Robinson et al., 2010) in R software v. 3.3.2 (R Core Team, 2018; Hori et al., 2020).



Plant Materials and Growth

Populus tremula×Populus tremuloides (WT clone T89) seedlings were cultured in 0.8% (w/v) agar box containing 0.5× Murashige and Skoog medium (pH 5.7) at 25°C under a cycle of 16-h white light (50μmolm−2 s−1)/8-h dark. Cultured hybrid aspens were transferred to the soil mix (3:1 fertilised peat moss: vermiculite, v/v) and grown in two different conditions. One is a greenhouse, and the other is an indoor plant growth room. Greenhouse temperatures were maintained at 21.5±8°C, and natural light was supplemented with metal halide lamps (KI Holdings, Yokohama, Japan) to achieve an 18-h daylength (PAR≥200μmolm−2 s−1)/6-h dark. The indoor plant growth was maintained at 20°C, and plants were grown under a cycle of 16-h white light (80μmolm−2 s−1)/8-h dark. Plants were watered and fertilised once weekly with 2,000-fold diluted Hyponex 6-10-5 solution (HYPONeX Japan, Osaka, Japan) for all conditions.



Generation of Transgenic Hybrid Aspens

For AtGC1::GUS and CaMV35S::AHA2 constructs, AtGC1 and AHA2 were cloned into the pCR8/GW/TOPO vector (Thermo Fisher Scientific, Waltham, MA, United States) and transferred to the pGWB433 and pGWB402 vectors via the Gateway LR reaction (Nakagawa et al., 2007). Construction of AtGC1::AHA2 was described previously (Wang et al., 2014). The binary vectors (pGWB433-AtGC1::GUS, pGWB402-CaMV35S::AHA2, and pPZP211-AtGC1::AHA2) were transformed into Agrobacterium tumefaciens strain GV3101 (pMP90). Transgenic hybrid aspens were generated using the vectors, essentially as described by Eriksson et al. (2000).



GUS Staining of Transgenic Hybrid Aspen

Samples were thoroughly rinsed in distilled water and placed in cold 90% acetone on ice for 5min. Acetone was removed, and GUS staining solution was added for 20min, followed by incubation overnight at 37°C. GUS staining solution consisted of 10mM Na2EDTA, 50mM phosphate buffer (pH 7.0), 1mM K4Fe(CN)6, 1mM K3Fe(CN)6, 0.5mg/ml X-Gluc (5-bromo-4-chloro-3-indolyl β-D-glucuronide), and 0.1% Triton X-100. Stained samples were soaked in 70% (v/v) ethanol to remove chlorophyll.



Reverse Transcription PCR for Gene Expression

Total RNA was extracted from epidermal fragments using the NucleoSpin RNA Plant kit (TaKaRa Bio, Shiga, Japan). Epidermal fragments from whole leaves were isolated from 10-week-old plants as described previously (Hayashi et al., 2011). First-strand cDNAs were synthesised from total RNA using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). Reverse transcription PCR was performed using 2μl of cDNA template with Ex Taq PCR Mix (TaKaRa Bio) and specific primers. Primers were shown in Supplementary Table 1. Master mix of PCR reaction was prepared for each gene of interest, and 20μl of reaction mix, including the cDNA template, was pipetted into each tube. The conditions were 1cycle at 95°C for 2min; 24 (UBQ), 28 (AHA2 and Pt×tHA2) cycles of 95°C for 15s, 57°C for 30s, and 72°C for 30s; and a final incubation at 72°C for 2min. Amplified cDNA was detected by electrophoresis.



Immunohistochemical Detection of Plasma Membrane H+-ATPase in Guard Cells

Immunohistochemical detection was performed as described previously (Hayashi et al., 2011). Polyclonal antibodies against the conserved catalytic domain of the plasma membrane H+-ATPase of Arabidopsis (AHA2) were raised in rabbits. The AHA2 DNA fragment was amplified from first-strand Arabidopsis cDNA with PCR using the specific primers 5ʹ-GCCGGATCCATGGATGTCCTGTGCAGTGAC-3ʹ and 5ʹ-GCCGGATCCTCAAGCACCACGAGCAGC-3ʹ. The resulting amplified DNA fragment of 967–1,845bp of AHA2, which contains BamHI sites at both ends, was cloned into the BamHI site of the pET30a vector (Merck, Darmstadt, Germany). The purified proteins from E. coli (BL21) were used as an antigen. The antiserum was used for immunoblots in Arabidopsis (1:1,000 dilution; Hayashi et al., 2010). PM H+-ATPase was detected in guard cells using epidermis isolated from hybrid aspen leaf. The amount of PM H+-ATPase was estimated using antiserum against the catalytic domain of AHA2. Fluorescence intensity was quantified according to Ando and Kinoshita (2018).



Gas Exchange Measurements

Gas exchange measurements were performed as described previously (Wang et al., 2014) using the LI-6400 system (Li Cor Biosciences, Lincoln, NE, United States), and parameters were calculated with the software supplied by the manufacturer. White light (1,000μmol·m−2·s−1) was provided by a fibre optic illuminator with a halogen projector lamp (15V/150W; Moritex, Saitama, Japan) as a light source and a MHAB-150W; power supply (Moritex). Light was attenuated by a series of optical crown glass metallic neutral density filters (Newport Japan, Hakuto, Japan). The molar flow rate of air entering the leaf chamber, leaf temperature, and relative humidity was maintained at 500μmol·s−1, 24°C, and 40–50% (Pa/Pa), respectively. After the initial 10min of dark adaptation, the plants were exposed to white light (1,000μmol·m−2·s−1) for 30min.



Growth Analyses and Biomass Assays

Plant height was measured weekly from 21days after potting in a greenhouse. Once trees had reached 20cm in height, the stem diameters were measured weekly at 10cm above the soil. The elongation growth rate of plants was evaluated by a curve-fitting procedure (Buchwald, 2007; Edwards et al., 2018). The radial growth rate was calculated by fitting to a linear function. These procedures were conducted in KaleidaGraph v. 4.1 (Synergy Software, Reading, PA, United States). Leaf number and size (leaves 16–25) were measured when sampling leaves. Leaves were imaged using a scanner (Perfection V700 Photo; Epson, Nagano, Japan) at 600dpi, and leaf size was evaluated by ImageJ 1.51 software.1 Leaves, stems, and roots were collected from each plant and weighed to calculate the fresh weight. Following 3days of drying at 60°C, the leaves, stems, and roots were weighed again to determine the dry weight (DW). The index of stem volume (volumetric index) was calculated as (diameter ÷ 2)2×height×π, from the final diameter (cm) and height (cm) of an individual tree. A 1cm length of stem segment was sampled from 2cm above the soil to determine wood density. Xylem tissues were obtained by peeling off the bark and were then filled with ultrapure water. The weight increase by increased water volume (V) was measured by a balance at 20°C. The xylem samples were dried in an oven at 105°C for 72h, and DW was measured using a balance. The wood density was calculated by the formula: Wood density=DW ÷ V.



Statistical Analysis

Statistical significance was evaluated by Student’s t test followed by the multiple testing correction procedure of Benjamini and Hochberg (1995), performed using Excel (Microsoft Corp., Redmond, WA, United States).




RESULTS


Phylogeny and Protein Structure of PM H+-ATPase Homologs in Populus

The P. trichocarpa genome has 13 PM H+-ATPase (HA) homologs with high amino acid similarity to A. thaliana HA2 (AHA2; Figure 1; Supplementary Table 2). We designated the P. trichocarpa isoforms PotriHA1–PotriHA13. The Populus isoforms have a highly conserved characteristic sequence, GDGVNDAPALKKA, in the catalytic domain of the P-type ATPase (Axelsen and Palmgren, 1998), supporting our proposal that these isoforms are functional homologs in Populus. The C-terminal region of PM H+-ATPases is important for catalytic regulation (Palmgren, 2001; Haruta et al., 2015; Falhof et al., 2016; Inoue and Kinoshita, 2017). All Populus isoforms conserve regions I and II, which are important for autoinhibition, in the C-terminal region (Axelsen et al., 1999), and Thr as a penultimate residue, which is important for its activation via phosphorylation (Figure 1A). Several phosphorylation sites in the C-terminal domain (Thr-881, Ser-899, and Ser-931), in addition to Thr as a penultimate residue, are also highly conserved in Populus PM H+-ATPases.
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FIGURE 1. Amino acid sequence similarity and gene expression of Populus PM H+-ATPases. (A) Amino acid sequence alignment of P. trichocarpa H+-ATPases with the C-terminal inhibition domain of Arabidopsis PM H+-ATPase (AHA2). The 10th transmembrane domain and the inhibitory motifs (regions I and II) in the C-terminal inhibitory domain are shown. Identical and similar amino acid residues are highlighted by black and grey backgrounds, respectively. Blue arrowheads below the sequence alignment indicate amino acids important for the function of the inhibitory domain of AHA2 (Axelsen et al., 1999) Red arrowheads above the sequence alignment indicate phosphorylation target sites of AHA2 (Fuglsang et al., 2007; Niittylä et al., 2007; Haruta et al., 2014). (B) Phylogenetic tree of PM H+-ATPases in A. thaliana and P. trichocarpa. Phylogenetic trees were reconstructed by the neighbour-joining (NJ) and maximum-likelihood (ML) methods based on the alignment of full-length amino acid sequences. The phylogenetic topology was the same in trees reconstructed by the NJ and ML methods. Bootstrap values were calculated by the NJ method with 1,000 replications (left) and by the ML method with 1,000 replications (right). Roman numerals indicate classes, as defined by Arango et al. (2003). (C) The expression pattern of P. trichocarpa H+-ATPases in xylem, phloem, leaf, shoot, and root tissues. The raw count data set obtained by tissue-specific RNA sequencing (GSE81077, Shi et al., 2017) was reanalysed to calculate normalised read counts as gene expression level of each gene. Error bars represent the SD with three sample replicates.


Phylogenetic analysis using full-length amino acid sequences showed that PotriHAs were classified into classes I–V (Figure 1B), as defined in Arango et al. (2003). PotriHA10 and PotriHA11 formed a clade with AHA4 and AHA11 in class I. PotriHA1, PotriHA2, PotriHA3, and PotriHA4 formed a clade with AHA1, AHA2, AHA3, and AHA5 in class II. PotriHA13 formed a clade with AHA10 in class III. PotriHA5, PotriHA6, PotriHA7, PotriHA8, and PotriHA9 formed a clade with AHA6, AHA8, and AHA9 in class IV. PotriHA12 formed a clade with AHA7 in class V. PM H+-ATPases in class II, including A. thaliana AHA1 and AHA2 and rice OSA7, have a major role in plants (Haruta et al., 2010; Toda et al., 2016). In P. trhichocarpa, PotriHA2, PotriHA3, and PotriHA4 (class II) showed higher expression than the other class genes in xylem, phloem, leaf, shoot, and root (Figure 1C), suggesting that those isoforms are major PM H+-ATPases in Populus species.



Overexpression of AHA2 Under Arabidopsis GC1 Promoter in Hybrid Aspen

We first attempted to introduce CaMV35S::AHA2 into hybrid aspen to ectopically overexpress AHA2. However, no transgenic hybrid aspens were generated, even using 109 stem segments for Agrobacterium-mediated transformation. Therefore, we used the guard cell-specific promoter in A. thaliana, AtGC1, to express AHA2 in hybrid aspen. To investigate AtGC1 activity in hybrid aspen, we generated AtGC1::GUS transgenic plants and examined their GUS activity. As shown in Figure 2A, GUS staining was observed in guard cells of the leaf epidermis of AtGC1::GUS transgenic plants, similar to AtGC1::GUS-expressing A. thaliana (Yang et al., 2008). We next transformed the AtGC1::AHA2 construct into hybrid aspen to overexpress AHA2 in guard cells and generated at least three independent transgenic events (#3, #5, and #9; Figure 2B). In the transgenic plants, AHA2 was expressed in leaf epidermis, as was Pt×tHA2, a major PM H+-ATPase in Populus. To examine whether the introduction of AtGC1::AHA2 elevated the PM H+-ATPase protein level in guard cells, immunohistochemical analysis using an anti-AHA2 antibody was conducted in the leaf epidermis of transgenic and WT plants. Immunofluorescence was brighter in guard cells of AtGC1::AHA2 transgenic plants than WT plants (Figures 2C,D). Fluorescence intensity relative to the WT showed that the protein level of PM H+-ATPase was enhanced in guard cells of transgenic plants (70% for #3, 75% for #5, and 150% for #9), indicating that AtGC1::AHA2 transgenic plants over-accumulated PM H+-ATPase in guard cells. The density of stomata in AtGC1::AHA2 transgenic plants was comparable to that in WT plants (196 stomata mm−2 for WT, 203 for #3, 217 for #5, and 203 for #9; Supplementary Table 3). Therefore, the introduction of AtGC1::AHA2 increased its protein levels in guard cells without affecting stomatal development in hybrid aspen, similar to A. thaliana expressing AtGC1::AHA2 (Wang et al., 2014).
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FIGURE 2. Promoter activity of AtGC1 in hybrid aspen and generation of AtGC1::AHA2 transgenic hybrid aspens. (A) Histochemical GUS analysis of AtGC1::GUS transgenic hybrid aspens. Images are of the abaxial side of the leaf. A high-magnification image is shown in the right panel. Scale bar=100μm (left panel) and 20μm (right panel). (B) Expression level of AHA2 and P. tremula×P. tremuloides (Pt×t) H+-ATPase in transgenic hybrid aspens and wild type (WT). The expression of AHA2 and Pt × tHA2 was analysed by reverse transcription PCR. Ubiquitin 11 (UBQ, Takata et al., 2009) was used as the internal control. (C) Immunohistochemical analysis of PM H+-ATPase in guard cells of transgenic hybrid aspens and WT. Isolated abaxial leaf epidermis was immunolabeled with antiserum raised against the catalytic domain of AHA2. Fluorescence (upper panel) and bright-field images (lower panel) were captured by a fluorescence microscope. Arrowheads indicate guard cells. Scale bar=50μm. (D) Immunofluorescence intensity in guard cells of transgenic hybrid aspens and WT. Fluorescence intensities in transgenic plants were normalised to those in WT plants. Data are means±SD of three independent measurements. Asterisks denote a mean significantly higher than the WT (set to 1.0; Student’s t test followed by the Benjamini and Hochberg multiple test correction; **p<0.01 and *p<0.05).




Stomatal Conductance and Photosynthetic Rate in AtGC1::AHA2 Transgenic Hybrid Aspens

To investigate photosynthetic activity in AtGC1::AHA2 transgenic plants, stomatal conductance and the photosynthetic rate (CO2 assimilation rate) were measured in intact leaves of transgenic and WT plants grown in an indoor-growth room for 82–94days. The AtGC1::AHA2 transgenic plants showed higher stomatal conductance in the dark compared to the WT (0.07 for WT, 0.22 for #3, 0.15 for #5, and 0.16 for #9mol·m−2·s−1. In the WT, white light at 1,000μmol·m−2·s−1 increased stomatal conductance. Similarly, light illumination increased stomatal conductance in AtGC1::AHA2 transgenic plants. Stomatal conductance was saturated within 10min of the start of light illumination in the transgenic and WT plants. The average stomatal conductance in the transgenic plants was approximately 3-fold higher than in the WT (Figure 3A). Under identical conditions, photosynthetic rates were saturated 20min after the start of light illumination in WT and AtGC1::AHA2 transgenic plants. The photosynthetic rate was 45% higher in the transgenic compared to the WT plants (Figure 3B). Although stomatal aperture is used to estimate stomatal conductance and photosynthetic activity, determining the average stomatal aperture is more problematic in hybrid aspen compared to A. thaliana, because stomatal size varies in the abaxial epidermis of the former (Supplementary Figure 1; Figure 2A). Taken together, our results indicate that the introduction of AHA2 protein to guard cells increased stomatal conductance and the photosynthetic rate in hybrid aspen.

[image: Figure 3]

FIGURE 3. Gas exchange properties of AtGC1::AHA2 transgenic and wild-type (WT) plants. (A) Light responses of stomatal conductance and (B) the photosynthetic rate in transgenic and WT plants. Measurements were conducted under dark conditions followed by 1,000μmol.m−2.s−1 light. Black arrows indicate the time of light-on. Data were plotted every 30s. Measurements were conducted on three different plants for each transgenic event. Error bars represent SE and are not shown if smaller than the symbols.




Growth Phenology and Biomass Production of AtGC1::AHA2 Transgenic Hybrid Aspens

Enhancement of photosynthetic activity in AtGC1::AHA2 transgenic plants was expected to promote growth and biomass production. When AtGC1::AHA2 transgenic plants and WT plants were grown in a greenhouse for 63days, the transgenic plants showed 14–21% greater height compared to the WT (Figure 4). The elongation rates were 11–15% higher in transgenic than WT plants. The stem diameter and radial growth rates were similar between the transgenic and WT plants. The leaf number per plant was increased 7–16% in the transgenic compared to WT plants, although the area of mature leaves was decreased 14–28%. For biomass production, the volumetric index of stem-trunk biomass was enhanced 14–23% in the transgenic compared to WT plants. Furthermore, the DW of leaves, stems, and roots was non-significantly increased in the transgenic compared to WT plants. However, the stem wood density of the transgenic plants (0.37±0.02g·cm−3 for #3, 0.36±0.03g·cm−3 for #5, and 0.38±0.01g·cm−3 for #9) was similar to that of WT plants (0.37±0.01g·cm−3). The increment of tree height in the transgenic plants was observed in the indoor-growth room (Supplementary Figure 2), indicating that the enhancement of growth phenology was stable under different light intensities. Together, our results indicate that AtGC1::AHA2 transgenic hybrid aspens had a higher stem elongation rate and greater biomass production than the WT, likely due to the enhanced stomatal opening and photosynthetic rate.
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FIGURE 4. Growth and biomass production of AtGC1::AHA2 transgenic and wild-type (WT) plants. (A) Growth phenotypes of 63-day-old transgenic and WT plants. Scale bar=10cm. (B) Height (circles) and diameter (squares) of the transgenic and WT plants against time over 63days of growth. (C) Growth rates and biomass production of transgenic and WT plants. Values are means±SD (n=4). Double asterisk indicates p<0.01 by Student’s t test followed by the Benjamini and Hochberg multiple test correction.





DISCUSSION

In this study, the PUMP plant’s strategy was used to enhance the photosynthetic rate and growth of Populus species. PM H+-ATPases are highly conserved among plant species, and their gene numbers vary among plant species (e.g., 11 isoforms in A. thaliana, nine in Nicotiana plumbaginifolia, and 10 in O. sativa; Arango et al., 2003). In the genome of P. trichocarpa, there were 13 PM H+-ATPases, PotriHA1–PotriHA13, with high similarity to A. thaliana PM H+-ATPase (Figure 1). All isoforms in P. trichocarpa had domains typical of plant PM H+-ATPases. We overexpressed Arabidopsis AHA2 under the control of CaMV35S or AtGC1 promoter in hybrid aspens. However, we could not generate CaMV35S::AHA2 plants. AtGC1 was specifically expressed in guard cells of hybrid aspens (Figure 2A), indicating that we developed a stomatal-specific promoter in Populus species. The AtGC1::AHA2 transgenic hybrid aspens showed enhanced light-induced stomatal opening (Figure 3). This suggests that PM H+-ATPase is the limiting factor in stomatal opening in Populus species, as in A. thaliana (Wang et al., 2014). Furthermore, the AtGC1::AHA2 transgenic hybrid aspens had an enhanced photosynthetic rate and growth (Figures 3, 4), indicating that the PUMP plant’s strategy is applicable for perennial trees using a guard cell-specific promoter and PM H+-ATPase.

The AtGC1::AHA2 transgenic hybrid aspens had enhanced stomatal conductance and photosynthetic rate compared to WT plants, increasing plant height, volumetric index, and stem biomass production (Figure 4). The number of leaves and leaf biomass also increased in the transgenic hybrid aspens as elongation growth accelerated, whereas the size of leaves decreased. However, the stem diameter and wood density of the transgenic plants were comparable to those of WT plants. These phenotypic changes imply that improvement of the photosynthetic rate (Figure 3) increased assimilation products, resulting in morphological changes in different tissues of AtGC1::AHA2 transgenic plants. The allocation of assimilation products varies depending on, for instance, the plant species, plant size, environment, and season. In young cottonwood trees (Populus deltoides), younger middle leaves transport assimilation products acropetally and basipetally, while older bottom leaves transport them primarily to lower stem and roots in the growing season (Dickson, 1989). In the present study, hybrid aspens were grown for 2months in a greenhouse and maintained rapid elongation growth. This implies that the increased assimilation products in AtGC1::AHA2 transgenic hybrid aspens may have been used more for elongation than radial growth in young trees. Because trees grow for many years, develop many branches, and form a large trunk, further study is needed to examine whether carbon allocation changes seasonally and with age in AtGC1::AHA2 transgenic plants and whether enhancement of the photosynthetic rate by the PUMP plant’s strategy improves biomass production over several years.

The AtGC1::AHA2 transgenic aspen plants showed basically higher stomatal conductance under both the dark and light than those in WT plants (Figure 3A). It should be noted that enhancement of stomatal opening basically decreases water-use efficiency (WUE). Then, we calculated intrinsic WUE (iWUE; the ratio of photosynthetic rate to stomatal conductance; μmol CO2/μmol H2O) based on the data from Figure 4 (Leakey et al., 2019). The results showed that iWUE values of WT, AtGC1::AHA2 transgenic plants #3, #5, and #9 were 52.6, 28.4, 34.4, and 38.4, indicating that the iWUE in AtGC1::AHA2 transgenic plants was 27–46% lower than that in WT. These results suggest that the AtGC1::AHA2 transgenic plants enhanced water consumption and required much more water than WT for normal condition. In the case of A. thaliana, the AtGC1::AHA2 transgenic plants showed normal sensitivity to plant hormone abscisic acid (ABA), an inducer of stomatal closing (Wang et al., 2014). Taken together, these results suggest that stomata in the AtGC1::AHA2 transgenic aspen plants may also show normal sensitivity to ABA and drought responses.

We introduced Arabidopsis AHA2, as a typical plant PM H+-ATPase, to hybrid aspen. AtGC1::AHA2 transgenic hybrid aspens showed higher stomatal conductance compared to WT plants in the dark (Figure 3). Enhancement of stomatal opening decreases WUE, indicating that the AtGC1::AHA2 transgenic hybrid aspens require more water than WT plants for normal growth. Arabidopsis and rice overexpressing endogenous PM H+-ATPase do not show higher stomatal opening under dark conditions (Wang et al., 2014; Zhang et al., 2021). These results suggest that post-translational modification of Arabidopsis AHA2 in response to light is not fine-tuned in the AtGC1::AHA2 transgenic hybrid aspens. Because Populus HA1, HA2, HA3, and HA4 have high similarities to Arabidopsis AHA2 (Figure 1), overexpressing Populus endogenous PM H+-ATPase in class II may overcome this problem. Further study is needed to generate transgenic hybrid aspen expressing Populus HAs under AtGC1 and to characterise the stomatal properties, light requirements, drought tolerance, and mechanical resilience of the transgenic plants.

Improving the efficiency of photosynthesis can enhance biomass yield. In addition to regulation of stomatal opening, other factors determine the photosynthetic uptake of CO2 by plants. Examples include the photosynthetic machinery, carbon flux, photorespiration, photoinhibition, assimilation partitioning, and assimilation utilisation (Dubouzet et al., 2013). Rubisco evolved under conditions characterised by much higher CO2 levels than the current ones (Whitney et al., 2011). Therefore, many plants thrive at higher CO2 concentrations (Smith et al., 2013). In a study of a deciduous forest, carbon enrichment increased photosynthesis by >40% (Bader et al., 2010). Also, free-air CO2 enrichment (FACE) in field plots increased biomass yield by 15–27% in three Populus species (Calfapietra et al., 2003). In this study, we promoted light-responsive stomatal opening in hybrid aspens. Thus, our results are consistent with the growth-promoting effect of CO2 concentration. Synergistic effects may be obtained by combining these growth conditions with PUMP plants.

We used AtGC1 for expression of PM H+-ATPase in guard cells. The AtGC1::AHA2 transgenic hybrid aspens showed superior growth for ≥2months after potting. However, we did not investigate plant phenotypes over the long-term. Furthermore, we grew plants in a greenhouse or indoor plant growth room, so plant growth in the field is unknown. We are planning long-term field experiments to verify the usefulness of the PUMP plant’s strategy in perennial woody plants. In addition, we produced AtGC1::AHA2 transgenic plants; in future, when PM H+-ATPase overexpression or activation can be achieved by non-transgenic techniques – for example, genome editing and chemical treatments – such plants could enhance tree biomass.
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An unknown 61 kDa protein is phosphorylated by abscisic acid (ABA)-activated protein kinase in response to ABA and binds to 14-3-3 protein in a phosphorylation-dependent manner in guard-cell protoplasts (GCPs) from Vicia faba. Subsequently, ABA-dependent phosphorylated proteins were identified as basic helix–loop–helix transcription factors, named ABA-responsive kinase substrates (AKSs) in GCPs from Arabidopsis thaliana. However, whether the 61 kDa protein in Vicia GCPs is an AKS is unclear. We performed immunoprecipitation of ABA-treated Vicia GCPs using anti-14-3-3 protein antibodies and identified several AKS isoforms in V. faba (VfAKSs) by mass spectrometry. The 61 kDa protein was identified as VfAKS1. Phosphoproteomic analysis revealed that VfAKSs are phosphorylated at Ser residues, which are important for 14-3-3 protein binding and monomerisation, in response to ABA in GCPs. Orthologs of AtABCG40, an ABA importer in guard cells, and CHC1, a clathrin heavy chain and a regulator of stomatal movement, also co-immunoprecipitated with 14-3-3 protein from guard cells.

Keywords: abscisic acid, Arabidopsis, bHLH transcription factor, protein phosphorylation, stomata, Vicia faba, 14-3-3 protein, mass spectrometry


INTRODUCTION

Stomata in plant epidermis consist of a pair of guard cells. The stomatal aperture is regulated by environmental signals—such as light, drought and CO2—and controls CO2 uptake for photosynthesis and transpiration (Shimazaki et al., 2007; Inoue and Kinoshita 2017). The plant hormone abscisic acid (ABA) promotes plant adaptation to drought stress by regulating gene expression, ion transport and enzyme activities (Cutler et al., 2010; Dejonghe et al., 2018). ABA induces stomatal closure to prevent water loss by transpiration (Kim et al., 2010; Munemasa et al., 2015). Analysis of the core complex of the ABA-dependent early signalling pathway showed that the ABA receptor PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-LIKE/REGULATORY COMPONENTS OF ABA RECEPTOR (PYR/PYL/RCAR) inhibits type 2C protein phosphatases (PP2Cs), which negatively regulate ABA signalling in the core complex in response to ABA (Ma et al., 2009; Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009; Park et al., 2009). SNF1-related protein kinases 2 (SnRK2s) are activated by inhibition of PP2C and phosphorylate their substrates, such as the SLOW ANION CHANNEL-ASSOCIATED 1 anion channel in the plasma membrane, which is important for stomatal closure, and basic region/Leu zipper motif transcription factors of ABA-responsive element (ABRE)-binding proteins (AREBs)/ABRE-binding factors (Yoshida et al., 2006; Fujii et al., 2009; Geiger et al., 2009; Lee et al., 2009; Umezawa et al., 2009; Vlad et al., 2009; Kline et al., 2010).

It has been demonstrated that protein phosphorylation and phosphorylation-dependent binding of 14-3-3 protein have important roles for stomatal movements (Zhang et al., 2014; Cotelle and Leonhardt, 2016). A 61 kDa protein is phosphorylated in response to ABA according to protein-blot analysis using recombinant glutathione S-transferase (GST)-14-3-3 protein as the probe. The 61 kDa protein binds to 14-3-3 protein in a phosphorylation-dependent manner in guard-cell protoplasts (GCPs) from V. faba (Takahashi et al., 2007). Further characterisation suggested that the 61 kDa protein is soluble and phosphorylated by ABA-activated protein kinase (AAPK; Li and Assmann, 1996; Li et al., 2000; Takahashi et al., 2007). However, the gene encoding the 61 kDa protein is unknown.

Using a similar approach, three ABA-dependent phosphorylated proteins were found in Arabidopsis guard cells and were identified by mass spectrometry (MS) as basic helix–loop–helix (bHLH) transcription factors, named ABA-responsive kinase substrate (AKS) 1 to AKS3 (Takahashi et al., 2013). AKSs possess two 14-3-3 protein-binding sites in which Ser residues (Ser-30 and -157 in AKS1) are phosphorylated in response to ABA, resulting in binding of 14-3-3 protein. AKSs facilitate stomatal opening by stimulating transcription of genes encoding K+in channels, including KAT1, in guard cells by binding to their promoter regions, and their function is counteracted by ABA-dependent phosphorylation of the AKS proteins downstream of the PYR/PYL/RCAR ABA receptor (Takahashi et al., 2013). AKS1 is likely to bind to DNA as a dimer, and AKS1 dimer formation is reportedly disrupted by phosphorylation at Ser-284, -288 and-290 in AKS1 (Takahashi et al., 2016). AKSs are phosphorylated by SnRK2 kinases in response to ABA in vivo. (Takahashi et al., 2017). Furthermore, ABA-induced AKS1 monomerisation and detachment from the KAT1 promoter have been reconstituted in vitro using recombinant PYR1 ABA receptor, HAB1 PP2C, and OST1/SnRK2.6 protein-kinase proteins, suggesting the minimal signalling mechanism from the ABA receptor to DNA (Takahashi et al., 2017). Therefore, AKSs play pivotal roles in ABA-induced repression of potassium-channel gene expression in Arabidopsis guard cells.

The Vicia 61 kDa protein shows similar properties to Arabidopsis AKS proteins, including ABA-induced phosphorylation and 14-3-3 protein binding (Takahashi et al., 2007). However, the 61 kDa protein in Vicia GCPs has not been identified because of the difficulty identifying V. faba proteins by mass spectrometry. To overcome this issue, we constructed an RNA-sequencing (RNA-seq) expression database of V. faba for identification of proteins. We subsequently purified and identified the 61 kDa protein as a bHLH transcription factor of V. faba (VfAKS) by MS. Furthermore, we mapped in vivo phosphorylation sites in VfAKS proteins in response to ABA using 1 mg of protein from Vicia GCPs.



MATERIALS AND METHODS


Plant Materials and Isolation of GCPs

Vicia faba (Broad bean; Ryosai Issun) was cultivated hydroponically in a greenhouse as described previously (Shimazaki et al., 1992). GCPs were isolated enzymatically from lower epidermis of 4- to 6-week-old leaves as described elsewhere (Kinoshita and Shimazaki, 1999). Protein concentrations were determined using a Bradford kit according to the manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA).



Protein Blotting With a Glutathione S-Transferase–14-3-3 Protein and Immunoblotting

Protein-blot analysis was performed using a GST–GF14phi fusion protein as described (Takahashi et al., 2007; Minami et al., 2019). GF14phi is an Arabidopsis 14-3-3 protein (Kinoshita and Shimazaki, 1999). Immunoblotting was performed using an antibody for Vicia 14-3-3 protein (Vf14-3-3a) as described previously (Emi et al., 2001; Takahashi et al., 2007).



Co-immunoprecipitation of 14-3-3 Binding Protein and Liquid Chromatography–Tandem Mass Spectrometry

To purify 14-3-3 binding proteins, GCPs from V. faba (330–500 μg) in suspension buffer (5 mM MES-NaOH [pH 6.0], 10 mM KCl, 0.4 M mannitol and 1 mM CaCl2) were treated with 10 μM ABA for 10 min in the dark. The 14-3-3 binding proteins were co-immunoprecipitated from the supernatant using an antibody against vf14-3-3a (Kinoshita and Shimazaki, 1999; Takahashi et al., 2013). The precipitated proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The sample lanes were excised into 7 to 10 segments and subsequently subjected to in-gel digestion according to previous method (Shevchenko et al., 2006). The digested peptides were analysed by nano-liquid chromatography–tandem mass spectrometry (LC-MS/MS). Nano-LC-MS/MS was performed using a Dionex U3000 Gradient Pump (Thermo Fisher Scientific) connected to a Q-Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific). Peptides were loaded into a trap column [L-column ODS (300 μM internal diameter [ID] × 5 mM, 5 μM particle size), CERI] and separated at 500 nl/min using a 5–40% buffer B gradient over 100 min on a nano-HPLC capillary column [NTCC-360 (100 μM I.D. × 125 mM, 3 μM particle size), Nikkyo Technos]. The composition of the LC buffer A was 0.5% (v/v) acetic acid in water and LC buffer B was of 80% (v/v) acetonitrile, 0.5% (v/v) acetic acid. The Xcalibur 3.0.63 system (Thermo) was used to record peptide spectra over the mass range of m/z 350–1800 (70,000 resolution, 3e6 AGC, 60 ms injection time), followed by ten data-dependent high-energy collisional dissociations (HCD) MS/MS spectra generated from ten highest-intensity precursor ions (17,500 resolution, 1e5 AGC, 60 ms injection time, 27 NCE).

Peptides and proteins were identified by means of automated database searching using Proteome Discoverer v. 2.2.0.388 (Thermo Fisher Scientific) against the V. faba expression database. The following search parameters were employed as: peptide mass range (m/z), 350–1,800 Da; enzyme specificity, trypsin or LysC with up to two missed cleavages; and precursor ion and peptide fragment mass tolerances, ± 10 ppm and ± 0.02 Da, respectively. Peptide validation was performed using the Percolator algorithm, and only high-confidence peptides were used for peptide identification and quantification. The identified peptides in each sample lane were summarised (Table 1).



TABLE 1. List of bHLH DNA-binding superfamily proteins in Vicia GCPs.
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RNA-Seq Analysis and Construction of an Expression Database of Vicia faba

Total RNA was extracted from GCPs and leaves of 4- to 6-week-old V. faba using a TRIzol Plus RNA Purification Kit (Thermo Fisher Scientific). Three independent biological samples of each tissue type were harvested and snap-frozen in liquid nitrogen. Complementary DNA (cDNA) libraries were constructed from 1 μg of total RNA using the TruSeq RNA Sample Prep Kit v. 2 (Illumina) and sequenced on an NextSeq 500 (Illumina), yielding 13.0 to 19.8 million paired-end sequence reads per sample. Adapter sequences were trimmed with bcl2fastq2 (Illumina) and bases with low-quality scores were masked by N with the original script. In total, 288 million reads, which contained >50 non-masked bases, were used for de novo assembly by Trinity (Grabherr et al., 2011), yielding 134,130 contigs. The contigs were functionally annotated by BLASTX analysis against an Arabidopsis database (TAIR10). For MS determination of the amino acid sequences, these contigs were translated in six-frame and used for reference. To calculate expression levels, filtered reads were mapped to these contigs by Bowtie (Langmead et al., 2009).



In vitro Translation of VfAKSs

In vitro transcription and translation were performed as described previously (Nomoto and Tada, 2018). First-strand cDNA was synthesised from total RNA of GCPs using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) with oligo(dT)12–18 as the primer and was used as the template for in vitro transcription. The PCR products were sequenced. To attach an N-terminal FLAG tag to the coding sequences of VfAKSs (VfAKS1-3), two-step PCR was carried out using the primers listed in Supplementary Table S2. In vitro transcription was carried out using a transcription kit (NUProtein). For in vitro translation, the resulting RNA solutions were mixed with wheat germ extract and amino acid mix (NUProtein) and incubated at 16°C for 10 h. The synthesised proteins were solubilised and separated by SDS-PAGE and detected by immunoblotting using an anti-FLAG antibody (Sigma).



Phosphoproteomic Analysis of GCPs

GCPs from V. faba (1.3–1.6 mg of proteins) in suspension buffer were treated with 10 μM ABA for 10 min in the dark. The GCPs were disrupted by addition of trichloroacetic acid to a final concentration of 20% (v/v), followed by centrifugation. The precipitated guard-cell proteins were suspended in digestion buffer (8 M urea, 250 mM ammonium bicarbonate, 1× PhosSTOP [Roche]). The suspensions were reduced with Tris (2-carboxyethyl) phosphine hydrochloride, alkylated by iodoacetamide and digested with LysC (FUJIFILM), followed by tryptic digestion. Digestions were performed with the enhancer ProteaseMAX™ Surfactant (Promega). The digested samples were acidified and desalted on MonoSpin C18 columns (GL Sciences). Phosphopeptides were enriched by IMAC (Agilent) from 100 μg of digested peptides and diluted with 0.1% (v/v) TFA, 2% (v/v) AcCN in distilled water for nano-LC–MS/MS. Nano-LC–MS/MS was performed as described above.

Peptides and proteins were identified by means of automated database searching using Proteome Discoverer 2.2.0.388 (Thermo Fisher Scientific) against an expression database of V. faba. The following search parameters were employed as: peptide mass range (m/z), 350–1,800 Da; enzyme specificity, trypsin or LysC with up to two missed cleavages; precursor ion and peptide fragment mass tolerances, ± 10 ppm and ± 0.02 Da, respectively; static modification, carbamidomethyl (Cys); and dynamic modifications, phosphorylation (Ser, Thr and Tyr) and oxidation (Met). Peptide validation was performed using the Percolator algorithm, and only high-confidence peptides were used for peptide identification and quantification. The resulting dataset, which included information on annotated sequences, modifications, master protein accession, peptide spectrum matches (PSMs) and the total number of identified peptide spectra, for each identified peptide, was imported into Microsoft Excel. Using the filter function of Excel, peptides with no phosphorylated residues were excluded from the list. PSMs, the total number of identified peptide spectra matched for the protein, of each protein were compared between the datasets.



Accession Numbers

Sequence data can be found in the Arabidopsis genome database TAIR10 under the following accession numbers: AKS1 (AT1G51140.1), AKS2 (AT1G05805.1), AKS3 (AT2G42280.1), AKS4 (AT2G43140.1), AKS5 (AT4G09180.1), AKS6 (AT1G35460.1), AtABCG40 (AT1G15520) and CHC1 (AT3G11130).



Data Availability

RNA-seq data supporting the findings of this work have been deposited in the DNA Data Bank of Japan (DDBJ) under accession number DRA012337. The raw MS data have been deposited in the ProteomeXchange Consortium via the PRIDE partner repository under accession numbers, PXD027057 for immunoprecipitation and PXD027058 for phosphoproteomics.




RESULTS


The 61 kDa Protein Bound to the 14-3-3 Protein From Guard Cells

GCPs from V. faba were treated with ABA at 10 μM for 10 min in the dark. A 61 kDa protein was confirmed as a 14-3-3 protein-binding protein in response to ABA by protein blot using a recombinant GST-14-3-3 fusion protein (Figure 1; Takahashi et al., 2007). GST alone did not show a prominent 61 kDa band (Kinoshita et al., 2003; Takahashi et al., 2007). Therefore, 14-3-3 protein specifically binds to the 61 kDa protein in an ABA-dependent manner.

[image: Figure 1]

FIGURE 1. Detection of the 61 kDa protein in guard cell protoplasts (GCPs) from Vicia faba in response to ABA. ABA-dependent binding of 14-3-3 protein to the 61 kDa protein. GCPs were treated with 0.5% dimethyl sulphoxide as a solvent (−ABA) or 10 μM ABA (+ABA) and 20 μg of guard-cell proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Upper panel: 61 kDa protein detected by protein blotting using GST-14-3-3 protein as the probe. Lower panel: 14-3-3 protein detected by immunoblotting with an anti-14-3-3 antibody as the loading control. Arrowhead, the 61 kDa protein. Numbers at left indicate molecular weight markers.




AKS Orthologs in V. faba

In Arabidopsis, ABA-dependent phosphorylated proteins were identified as bHLH transcription factors, named ABA-responsive kinase substrate 1 (AKS1) to AKS3 in GCPs (Takahashi et al., 2013). AKSs possess two 14-3-3 protein-binding sites. However, there is no sequence information regarding AKSs in V. faba. Therefore, we performed RNA-seq analysis using GCPs and leaves from V. faba and constructed an expression database of V. faba by de novo assembly. At least seven AKS-like proteins, which possessed 14-3-3 binding sites and a bHLH domain, as well as Arabidopsis AKSs were expressed in V. faba. We named these proteins VfAKS1 to VfAKS7 (Figure 2A; Table 1). In addition, we identified AT2G43140, AT4G09180 and AT1G35460 as AKS homologs in A. thaliana, and designated them AKS4, AKS5 and AKS6, respectively (Figure 2A). Figure 2B shows a phylogenetic analysis based on the full-length amino acid sequences of AKSs from V. faba and A. thaliana. VfAKS1 and VfAKS2 were similar to AKS1, and VfAKS3 to AKS3. All possessed two 14-3-3 protein-binding motifs at the N-terminus and middle of the sequence. Previous in vitro experiments suggested that phosphorylation of AKS1 at Ser-284, −288 and − 290 induces monomerisation of AKS1 and inhibits its transactivation activity (Takahashi et al., 2017). VfAKS1, VfAKS2, VfAKS3 and AKS3 also possess Ser or Thr upstream of the bHLH domain (Figures 2A,B). In contrast, VfAKS5, AKS5 and AKS6 lack the corresponding Ser or Thr and their sequences were shorter than other AKSs. Of these, VfAKS5 was the shortest and lacked the middle 14-3-3 binding motif. VfAKS4 was similar to AKS2 and AKS4. In contrast, no ortholog of VfAKS6 and VfAKS7 lacking the 14-3-3 protein-binding motif at the N-terminus was found in A. thaliana. AKS1, AKS3, AKS5 and AKS6 are identical to FLOWERING BHLH3 (FBH3), FBH4, FBH2 and FBH1, respectively (Ito et al., 2012).

[image: Figure 2]

FIGURE 2. Evolutionary analysis of VfAKSs and AtAKSs. (A), Alignment of AKSs from Vicia faba (VfAKS1–VfAKS7) and Arabidopsis thaliana (AKS1–AKS6) generated using ClustalW (Thompson et al., 1994) with manual modification. Black boxes indicate highly conserved residues. Grey boxes indicate conservative residues. Consensus symbols “*” and “.” indicate perfect alignment and a site belonging to a group exhibiting weak similarity, respectively. Binding motifs for 14-3-3 protein (RXXpSXP) and bHLH motifs are indicated by lines. Phosphorylation sites that induce monomerisation of AKS1 and inhibit the transactivation activity of AKS1 are indicated by arrowheads. Dashes indicate gaps introduced to enable optimal sequence alignment. (B), Phylogenetic tree of AKSs from V. faba and A. thaliana. Alignment for the phylogenetic tree was performed as described in (A). The phylogenetic tree with the highest log likelihood (9768.99) was created by the maximum-likelihood method and JTT matrix-based model with MEGAX software. Structures of the AKS proteins are shown at right. 14-3-3 protein-binding motifs (blue lines), phosphorylation sites leading to inhibition of monomerisation (red lines) and bHLH domains (yellow boxes) are indicated. (C), Expression levels of VfAKSs assayed by RNA-seq in GCPs and leaves. RPM values of VfAKS1–VfAKS7 are shown (n = 3, means ± SD).


Next, we investigated the expression of VfAKS1–VfAKS7 in GCPs and leaves based on RNA-seq data. The expression levels of VfAKS1, VfAKS3, VfAKS4, VfAKS6 and VfAKS7 were higher in GCPs compared to leaves (Figure 2C). This is consistent with a report that the response is specific to guard cells and is not found in other cell types, such as mesophyll cell protoplasts and root and leaf cells (Takahashi et al., 2007). In addition, previous promoter GUS assay of AKS1 in Arabidopsis thaliana also revealed preferential expression of AKS1 in guard cells and vascular tissues (Takahashi et al., 2013).



Identification of Proteins Co-immunoprecipitated With 14-3-3 Protein by MS

ABA-dependent 14-3-3 binding proteins were isolated by co-immunoprecipitation using anti-14-3-3 protein antibodies from Arabidopsis GCPs (Takahashi et al., 2013). Next, we performed immunoprecipitation of ABA-treated Vicia GCPs using anti-14-3-3 protein antibodies against Vicia 14-3-3a (Emi et al., 2001) and LC–MS/MS using gel segments after resolving the immunoprecipitate by SDS-PAGE. Immunoprecipitates from control and ABA-treated GCPs contained >507 proteins, including those annotated as 14-3-3 proteins, plasma membrane H+-ATPases, vacuolar ATP synthase subunit A, pleiotropic drug resistance 12 and clathrin heavy chain (Supplementary Table S1). The number of peptides from VfAKS1–VfAKS5 increased in response to ABA (Table 1).



The 61 kDa Protein Is the bHLH DNA-Binding Superfamily Protein VfAKS1

VfAKS1–VfAKS5 immunoprecipitated with GCPs, suggesting that one may be the 61 kDa protein. However, the estimated molecular masses of VfAKS1–VfAKS5 based on the amino acid sequences were < 61 kDa (Table 1). Next, we synthesised FLAG-VfAKS1, VfAKS2 and VfAKS3, which had high estimated molecular masses (Table 1), by in vitro translation assay and determined their molecular masses by SDS-PAGE. As shown in Figure 3A, full-length CDSs of VfAKSs were amplified by RT-PCR from cDNAs of Vicia GCPs. Finally, we detected FLAG-VfAKS1 (61.4 kDa), FLAG-VfAKS2 (54.3 kDa) and FLAG-VfAKS3 (43.9 kDa) proteins by Western blotting (Figure 3B). The FLAG tag is around 1.0 kDa. These results indicated that the 61 kDa protein is VfAKS1.
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FIGURE 3. In vitro translation of VfAKSs. (A), First PCR of VfAKSs for in vitro translation. The cording sequences of VfAKSs were amplified with adaptor sequences for in vitro translation using specific primers. (B), Western blotting of FLAG-VfAKSs. VfAKSs were expressed with a FLAG tag using an in vitro translation system and detected with anti-FLAG antibody. Numbers at left indicate molecular weight markers.




Phosphoproteomic Analyses Revealed ABA-Dependent Phosphorylation Sites of the VfAKSs

To confirm ABA-dependent phosphorylation of VfAKSs, we performed phosphoproteomic analyses using GCPs treated with ABA. We detected 7,459 phosphopeptides belonging to 2,938 proteins. Of these, 929 phosphopeptides (12.5%) showed at least 2-fold increase in ABA-treated GCPs compared to ABA-untreated GCPs, whereas 489 phosphopeptides (6.6%) showed at least 2-fold decrease.

We detected multiple phosphorylation sites in VfAKS1, VfAKS2, VfAKS3, VfAKS4 and VfAKS6 (Table 2). The conserved Ser residues in the 14-3-3 protein-binding motifs (Figure 2A; Table 2; single asterisk) were phosphorylated in response to ABA (in the case of VfAKS1, Ser-23 and Ser-177). Moreover, ABA-dependent phosphorylation of the conserved Ser or Thr leading to monomerisation and inactivation of transactivation in AKS1 (Takahashi et al., 2016) was observed (Table 2; double asterisks; in the case of VfAKS2, Ser-341 and Thr-345). Ser-182 in VfAKS3 was phosphorylated in response to ABA. Interestingly, Ser-47 of VfAKS1 and Ser-57 of VfAKS2, corresponding to Ser-52 of AKS1, were highly phosphorylated in untreated and ABA-treated GCPs.



TABLE 2. List of phosphorylation sites of VfAKSs detected by phosphoproteomic analyses.
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Other 14-3-3-Binding Proteins Were Also Phosphorylated in Response to ABA

Interestingly, we detected ABA-dependent phosphorylation of proteins annotated as pleiotropic drug resistance 12 (PDR12) and clathrin heavy chain, both of which immunoprecipitated with 14-3-3 protein (Table 3; Supplementary Table S1). Arabidopsis AtPDR12 encodes ATP-binding cassette (ABC) transporter (ABCG40), which is an ABA importer expressed in guard cells. We designated the ortholog in V. faba as VfABCG40. VfABCG40 showed high sequence similarity (72%) with AtABCG40. The phosphorylation sites of VfABCG40 detected by phosphoproteomics were located at the N- and C-termini (Figure 4A). Most phospho-Ser and -Thr at the N-terminus were conserved in Arabidopsis ABCG40, but those at the C-terminus were not. At the N-terminus sites, phosphorylation of Ser-30/ Ser-32/ Ser-33 and Thr-62/Ser-64 was slightly upregulated in response to ABA (Table 3).



TABLE 3. List of phosphorylation sites of VfABCG40 and VfCHC1 detected by phosphoproteomic analyses.
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FIGURE 4. Alignment of ABCG40 and CHC1 from Vicia faba and Arabidopsis thaliana. (A), Alignment of ABCG40s from V. faba (VfABCG40) and A. thaliana (AtABCG40) generated with ClustalW (Thompson et al., 1994) using full-length amino acid sequences (VfABCG40 1430 aa and AtABCG40 1423 aa). Black boxes indicate highly conserved residues. Grey box indicates conservative residues. Consensus symbols “*” and “.” indicate perfect alignment and a site belonging to a group exhibiting weak similarity, respectively. Phosphorylation sites detected by phosphoproteomic analysis are indicated by arrowheads; black arrowheads, conserved residues in both A. thaliana and V. faba; and open arrowheads, non-conserved residues. (B), Alignment of CHC1s from V. faba (VfCHC1) and A. thaliana (AtCHC1) was generated with ClustalW (Thompson et al., 1994) using full-length amino acid sequences (VfCHC1 1701 aa and AtCHC1 1705 aa). Others are the same as (B).


Clathrin heavy chain protein showed high sequence similarity (91%) with Arabidopsis clathrin heavy chain 1 (CHC1; Blackbourn and Jackson, 1996), and we designated its ortholog in V. faba as VfCHC1. The phosphorylation site at Thr-67 in VfCHC1 is conserved in AtCHC1 (Figure 4B). ABA induced phosphorylation of Thr-67 (Table 3).




DISCUSSION

In the present study, RNA-seq-based transcriptome data and targeted 14-3-3 protein-binding protein analyses using highly purified GCPs from V. faba revealed that the unknown 61 kDa protein, which is rapidly phosphorylated in response to ABA in Vicia guard cells (Takahashi et al., 2007), is a bHLH transcription factor, named V. faba ABA-responsive kinase substrate (VfAKS; Figure 2). The AKS family was originally identified in A. thaliana as a substrate of ABA-activated OST1/SnRK2 protein kinases (Takahashi et al., 2013; Wang et al., 2013). We identified seven AKS-family genes in V. faba and demonstrated rapid ABA-induced AKS phosphorylation and binding to 14-3-3 proteins in guard cells.

VfAKS1 and VfAKS2 had similar SDS-PAGE mobilities to the 61 kDa protein (Figures 1, 3), although their theoretical molecular weights were 47.7 and 48.0 kDa, respectively. The amino acid sequences of these proteins might affect their SDS-PAGE mobilities. Based on the mobility of 61.4 kDa recombinant FLAG-VfAKS1 protein (Figure 3B), VfAKS1 is likely to be the 61 kDa protein of Takahashi et al. (2007). In that study, 43 and 39 kDa proteins were also identified as 14-3-3 protein-binding proteins in response to ABA in Vicia guard cells (Takahashi et al., 2007). The molecular mass of FLAG-VfAKS3 by SDS-PAGE was 43.9 kDa, suggesting that the previously reported 43 kDa protein is VfAKS3.

MS identified in vivo ABA-dependent phosphorylation sites of VfAKS-family members, including VfAKS2 Ser-341 and Thr-345 (Table 2), corresponding to Arabidopsis AKS1 (AtAKS1) Ser-284 and -288. In vitro, AtAKS1 phosphorylation at these serine residues is mediated by OST1/SnRK2.6 protein kinase and inhibits DNA binding by AtAKS1 by disrupting AtAKS1 dimer formation (Takahashi et al., 2016). This may be the mechanism by which ABA represses the expression of genes, including Arabidopsis KAT1 inward-rectifying potassium channel, which functions in stomatal opening in guard cells (Takahashi et al., 2017). However, it is unclear whether these phosphorylations are induced in response to ABA in plant cells. Our results provide in vivo evidence supporting the proposed model of phosphorylation-dependent control of AKS transcription factor function (Table 2). In addition, amino acid alignment analyses suggest that these phosphorylation sites are conserved in many AKS-family members in A. thaliana and V. faba (Figure 2A). Note that we did not detect phosphorylation of VfAKS1 at Ser-320 and Thr-324, corresponding to AtAKS1 Ser-284 and Ser-288, despite sufficient phosphopeptides from the 14-3-3 binding site (Table 2). Moreover, phosphoproteomic analyses revealed new phosphorylation residues in GCPs from V. faba. Ser-47 of VfAKS1 and Ser-57 of VfAKS2, phosphorylation of which was detected in control and ABA-treated GCPs, were conserved in AKS1 (Table 2; Figure 2A). Other physiological signals may regulate phosphorylation of these residues.

In this study, we identified >500 proteins that co-immunoprecipitated with 14-3-3 proteins in GCPs from V. faba. Of them, orthologs of Arabidopsis ABCG40 and CHC1 in V. faba were detected as phosphorylated proteins by phosphoproteomic analysis. Arabidopsis ABCG40 expressed in stomatal guard cells imports ABA, synthesised in the vascular bundle in response to drought stress, into guard cells, leading to stomatal closure (Kang et al., 2010). In this study, ABA-dependent phosphorylation of ABCG40 at Ser-30/Ser-32/Ser-33 and Thr-62/Ser-64, corresponding to Ser-30/Ser-32/Ser-33 and Thr-62/Ser-64 in AtABCG40, was slightly upregulated in response to ABA in 10 min (Figure 4; Table 3). The function of CHC1 in stomatal movement has been investigated using A. thaliana. Plessis et al. (2011) isolated a hot ABA-deficient suppressor 1 (has1) suppressor mutant of ABA deficient3 (aba3-1) by infrared imaging. The has1 mutant showed a closed stomatal phenotype in response to a low concentration of exogenous ABA and drought tolerance. Larson et al. (2017) identified CHC1 as responsible for has1 mutant and found that chc1 and chc2 affect endocytosis, exocytosis and stomatal movement. To our knowledge, this is the first report that CHC1 is phosphorylated in response to ABA. Further investigation is needed of the roles of ABA-dependent phosphorylation of ABCG40 and CHC1.

V. faba is used for research on stomatal movement (Willmer and Fricker, 1996). However, the limited genomic information on V. faba because of its large genome (13 Gb; Kaur et al., 2012) had hampered identification of the 61 kDa protein in Vicia GCPs by MS (Takahashi et al., 2007). We constructed an expression database of V. faba from RNA-seq data and identified VfAKS1 as the 61 kDa protein. Furthermore, the database allows phosphoproteomic analysis of Vicia GCPs in response to various signals.
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Plasma membrane proton-ATPase (PM H+-ATPase) is a primary H+ transporter that consumes ATP in vivo and is a limiting factor in the blue light-induced stomatal opening signaling pathway. It was recently reported that manipulation of PM H+-ATPase in stomatal guard cells and other tissues greatly improved leaf photosynthesis and plant growth. In this report, we review and discuss the function of PM H+-ATPase in the context of the promotion and upregulation H+-ATPase strategy, including associated principles pertaining to enhanced stomatal opening, environmental plasticity, and potential applications in crops and nanotechnology. We highlight the great potential of the promotion and upregulation H+-ATPase strategy, and explain why it may be applied in many crops in the future.
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INTRODUCTION

The growth of terrestrial plants by fixing CO2 from the atmosphere plays an important role as a carbon sink in global change. As the world population increases year by year and urbanization intensifies, areas available for vegetation are becoming more limited. There is a pressing need to improve plant growth efficiency in order to neutralize CO2 emissions caused by human activities worldwide. Recent studies on the manipulation of plasma membrane proton-ATPase (PM H+-ATPase) in an Arabidopsis thaliana plant model have suggested a new strategy to enhance plant growth (Young et al., 1998; Robertson et al., 2004; Wang et al., 2014a; Hoffmann et al., 2019; Zhang et al., 2021). Because PM H+-ATPase is a key enzyme for regulating membrane potential and is conserved in most plant species, the promotion and upregulation of a PM-ATPase strategy are expected to be applied outside the laboratory. The current review discusses the main details of the promotion and upregulation H+-ATPase strategy, including the fundamentals of PM H+-ATPase involved in stomatal opening; evidence on how overexpression of PM H+-ATPase enhances plant growth, aspects of environmental plasticity associated with promotion and upregulation H+-ATPase, and provides examples of applications in crops and nanotechnology.



FUNCTION OF PM H+-ATPASE


PM H+-ATPase Family

PM H+-ATPase is a member of the P-type ATPase super family and is the primary active transport system in plants and fungi (Sussman, 1994). The activated state of PM H+-ATPase results in an electrochemical gradient that is the driving force behind the transport of other solutes across the cell membrane (Palmgren, 2001; Pedersen et al., 2018). This process involves the hyperpolarization of the plasma membrane and the hydrolysis of ATP, and these two steps occur almost simultaneously (Morsomme and Boutry, 2000). PM H+-ATPase extrudes H+ from the cell, generating a proton motive force with a membrane potential of −120 to −160 mV (negative inside) and a pH gradient of 1.5 to 2.0 units (acidic outside; Sze et al., 1999). Thus, PM H+-ATPase facilitates efficient transport and normal physiological functioning of the plant cell. In several species, PM H+-ATPase is encoded by a gene family composed of multiple genes, such as the PM H+-ATPase gene family of Nicotiana tabacum which contains nine genes (Duby and Boutry, 2009). A. thaliana H+-ATPase (AHA) is encoded by a family of 11 genes, and Oryza sativa H+-ATPase (OSA) is encoded by a family of 10 genes (Arango et al., 2003; Baxter et al., 2003; Toda et al., 2016). Distinct subtypes of the same plant may have different expression levels, expression sites, and modes of phosphorylation regulation, but there is also overlapping expression and functional redundancy. Phylogenetic analysis of the H+-ATPases in several primary C3 crops indicates that the evolutionary processes of different H+-ATPase isoforms in the same species are inconsistent (Figure 1). Notably however, all plant isoforms are included in the five subfamilies classified by Arango et al. (2003). Interestingly, the isoforms of O. sativa and Triticum aestivum were adjacent to each other but separate from other plants, suggesting a conserved H+-ATPase evolution between them (Figure 1).
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FIGURE 1. Phylogenetic tree of main crop PM H+-ATPases. The phylogenetic tree was constructed using PM H+-ATPase amino acid sequences. Different colored ranges represent different species as shown in the top legend. Different sized purple circles represent the bootstrap of every branch as shown in the bottom legend. Roman numerals indicate subfamilies defined by Arango et al. (2003). The main part of the figure was drawn by iTOL (https://itol.embl.de/).




Structure and Regulation of PM H+-ATPase

Given the important role of H+-ATPase in plant physiology and biochemistry, many researchers have studied the molecular structure, function, and regulatory mechanisms associated with the enzyme. PM H+-ATPase has a molecular mass of approximately 100 kDa and is structurally highly conserved in plants and fungi (Sussman, 1994). The structures all share 10 transmembrane segments, as well as C-terminal and N-terminal domains extending into the cytosolic side of the plasma membrane (Morsomme and Boutry, 2000; Pedersen et al., 2007; Falhof et al., 2016). Autoinhibitory C-terminal domains have been identified in both plant and fungal PM H+-ATPases (Pedersen et al., 2018). The autoinhibitory domain is a key region with respect to the regulation of H+-ATPase activity (Palmgren et al., 1990; Axelsen et al., 1999; Ekberg et al., 2010). N-terminal and C-terminal residues are considered essential for the regulation and targeting of PM H+-ATPases. Phosphorylation of the C terminus of PM H+-ATPase provides binding sites for 14-3-3 proteins (Gaxiola et al., 2007; Falhof et al., 2016). Inactivated PM H+-ATPases usually exist as dimers and are converted into dodecamers when activated by phosphorylation of threonine on the C-terminal autoinhibitory domain and binding to 14-3-3 proteins (Olsson et al., 1998; Bobik et al., 2010; Falhof et al., 2016; Fuglsang and Palmgren, 2021). More interestingly, the quaternary structure of the yeast Kluyveromyces lactis PM H+-ATPase is a hexamer, and there is evidently a relationship between ATPase function and the aggregation state of the hexamer. The aggregated H+-ATPase hexamers are reportedly the activated state of the enzyme (Ruiz-Granados et al., 2019).

The protein kinases involved in PM H+-ATPase phosphorylation have not yet been identified (Falhof et al., 2016) and many details of PM H+-ATPase regulation are still unknown, although various studies have revealed some of the details of PM H+-ATPase regulation. It is well established that the fungal toxin fusicoccin is an effective activator of PM H+-ATPase (Marrè, 1979) and that vanadate is an inhibitor of PM H+-ATPase (Zhu et al., 2015). PKS5 blocks interaction between H+-ATPase and 14-3-3 proteins via phosphorylation of Ser-931in A. thaliana (Fuglsang et al., 2007). Small auxin UP-RNA proteins reportedly inhibit the activity of a family of type 2C protein phosphatases, which in turn modulates the Thr-947 phosphorylation status of PM H+-ATPases (Spartz et al., 2014). There is evidence of differences in regulation between different subfamilies. Bobik et al. (2010) reported that cold stress led to different PMA2 and PMA4 responses in N. tabacum, specifically that PMA2 was dephosphorylated within a few minutes, whereas PMA4 was not. Notably however, the regulatory mechanism distinguishing these two isoforms is unknown.



Physiological Roles of PM H+-ATPase

PM H+-ATPase is active throughout the entire life process in plants, including seed germination, plant growth and defense, and pollen tube elongation, among other processes. According to acid growth theory PM H+-ATPase promotes proton efflux, acidifying the apoplast and facilitating the uptake of solutes and water, thus driving plant cell expansion and eventually resulting in hypocotyl elongation and root elongation (Spartz et al., 2014). AHA1 is reportedly a slow-wave potential regulator that activates the jasmonate defense pathway in distal leaves in response to wounding (Kumari et al., 2019). Recent reports indicate that there is a pH gradient in pollen tubes and that three members of the AHA family (AHA6, AHA8, and AHA9) are redundantly involved in the formation of a proton gradient and cell-wall patterning in the pollen tubes and are essential for polar growth in the pistil (Chen et al., 2020b; Hoffmann et al., 2020).




PM H+-ATPASE IS THE LIMITING FACTOR IN LIGHT-INDUCED STOMATAL OPENING


Function of Stomata

Stomata are a special structure on the surface of terrestrial plants that consists of a pore surrounded by two guard cells. Stomata control gas exchange between the atmosphere and plants, which is required for CO2 uptake in photosynthesis and the loss of H2O in transpiration. Plants can regulate the size of stomatal pores in response to environment changes, which can further coordinate photosynthesis with transpiration and also affect other physiological activities. Plant photosynthesis and transpiration are a significant component of global water and carbon cycles in atmospheric modeling. Excessive emission of CO2 by humankind has made the global carbon cycle imbalanced, causing a serious climate problem-global warming. Humankind is also facing a severe food crisis whereby globally a large number of people do not have access to enough food. As a result, stomata have drawn more attention, and improving the ability of plants to fix CO2 by manipulating stomata constitutes a potential means of addressing global climate changes and food insufficiency.



Light-Induced Stomatal Opening

Light can stimulate stomatal opening via at least two mechanistically different pathways, the red-light pathway and the blue light pathway (Zeiger, 1983; Shimazaki et al., 2007). Blue light induces stomatal opening via a photosynthesis-independent signal pathway. A study in Arabidopsis suggests that blue light-induced stomatal opening is mediated by at least three key components: the blue light receptor phototropins, H+-ATPase, and plasma membrane inward-rectifying K+ channels (K+in channels; Wang et al., 2014b). The phototropins phot1 and phot2 can be activated by blue light, and transmit signals downstream that activate PM H+-ATPase (Kinoshita et al., 2001). Activated PM H+-ATPase binds the 14-3-3 protein, phosphorylating the penultimate threonine on its C terminus, and pumps H+ out of the plasma membrane leading its hyperpolarization (Assmann et al., 1985; Shimazaki et al., 1986; Kinoshita and Shimazaki, 1999, 2002). It then evokes K+in channels, promoting the uptake of K+ into the guard cells (Schroeder et al., 1987; Lebaudy et al., 2008). Simultaneously, some anions are required to compensate for the positively charged K+ in guard cells, mainly Cl−, malate2−, and NO3− (Shimazaki, et al., 2007). Cl− is taken up into the vacuole via the major vacuole chloride channel AtALMT9, which takes precedence over the accumulation of other ions (De Angeli et al., 2013). Malate2− is required in the process, some of which is synthesized from starch degradation in the chloroplast, and some of which is transported in guard cells through the ABC transporter AtABCB14 (Shimazaki, et al., 2007; Lee et al., 2008). Blue light also induces starch degradation, which is activated via the phot1/phot2-dependent signaling pathway and associated with PM H+-ATPase activity, as evidenced by the observation that the Arabidopsis blue light-signaling mutants phot1phot2 and blus1 exhibit altered starch degradation in guard cells (Horrer et al., 2016). Some of the starch is used to produce malate2−, and some is converted to sucrose or hexose sugars which act as osmolytes or are used for respiration. The accumulated osmolytes including K+ and sugars reduce water potential and drive water uptake into the guard cell, significantly increasing its volume. Because the inner side of the guard cell wall is thicker than the outer side, the turgor of guard cells widens the stomatal pore and causes stomatal opening (Shimazaki et al., 2007).

Stomatal opening in response to red light can be inhibited by the photosynthetic electron transport inhibitor DCMU, indicating that it is related to photosynthesis (Sharkey and Raschke, 1981; Doi and Shimazaki, 2008; Wang et al., 2011; Suetsugu et al., 2014). Red light-induced stomatal opening is an indirect response to intercellular CO2 concentration. A high concentration of CO2 activates anion channels and outward-rectifying K+ channels (Brearley et al., 1997; Roelfsema et al., 2002). Red light promotes photosynthesis and reduces the intercellular CO2 concentration, relieving the negative effect of a high CO2 concentration on stomata opening. Conversely, a low CO2 concentration as a signal directly induces the protein kinase high leaf temperature 1, inhibiting S-type anion channels via convergence of blue light and CO2 (CBC)1 and CBC2 (Hashimoto et al., 2006; Hiyama et al., 2017). This promotes the uptake of K+ and stomatal opening. Under red-light illumination mesophyll cells and guard cells produce starch via photosynthesis, some of which is degraded into sucrose. Guard cells also take up sucrose from apoplasts. Sucrose can increase osmolytes and is used for the formation of ATP and malate2− (Daloso et al., 2016). Photosynthesis in guard cells and mesophyll cells can also promote the accumulation of ATP, which is required for activated H+-ATPase (Tominaga et al., 2001; Wang et al., 2014a). Red light can reportedly induce photosynthesis-dependent phosphorylation of PM H+-ATPase in guard cells, which further promotes the absorption of K+ and stomatal opening. Notably however, neither sucrose nor CO2 as photosynthetic products are responsible for phosphorylation of H+-ATPase. It is currently unclear what mediates the photosynthesis-dependent phosphorylation of H+-ATPase (Ando and Kinoshita, 2018).

Although the details of signaling pathways involving phototropins and PM H+-ATPase have not been entirely clarified, the following important steps pertaining to relevant signal transduction have recently been reported as:

1. Phototropins function as blue light receptors via the chromophore flavin. In the N terminus of phototropins, there are two so-called light, oxygen, and voltage domains which act as binding sites for flavin mononucleotide and absorb blue light (Christie et al., 1999). After receiving a light signal phototropins are activated via autophosphorylation, with subsequent binding of 14-3-3 protein in response to blue light (Kinoshita et al., 2003). Blue light-activated phototropins are phosphorylated and transmit the signal downstream via the blue light-signaling 1 (BLUS1) protein kinase (Takemiya et al., 2013). It has also been reported that phototropins may be involved in another BLUS1-independent signaling pathway which inhibits stomatal opening by mediating dephosphorylation of PM H+-ATPase (Hosotani et al., 2021).

2. BLUS1 is a Ser/Thr protein kinase expressed in the cytoplasm of guard cells. It can be phosphorylated by phototropins and indirectly activate PM H+-ATPase, which transduces blue light signal from phototropins to type 1 protein phosphatase (PP1). The loss of blue light-dependent stomatal opening has been observed in BLUS1 mutants via infrared thermography (Takemiya et al., 2013). There is a Ser/Thr kinase domain in the N-terminal of BLUS1 and a regulatory domain in the C-terminal which inhibit its kinase activity. Phototropins phosphorylate Ser-348 within the C-terminal domain of BLUS1, alleviating auto-inhibition of the C-terminal domain and transmitting the signal downstream (Takemiya et al., 2013; Hosotani et al., 2021).

3. Blue light-dependent H+-ATPase phosphorylation (BHP) is a Raf-like protein kinase that indirectly activates PM H+-ATPase and functions in the cytosol of guard cells. It was identified by screening kinase inhibitors that suppress blue light-dependent H+-ATPase phosphorylation and stomatal opening in guard cells. It has been suggested that BHP can interact with both BLUS1 and PP1 in vitro, but only interaction between BHP and BLUS1 has been observed in vivo – thus whether or not BLUS1 phosphorylates BHP is uncertain (Hayashi et al., 2017).

4. PP1 and its regulatory subunit PRSL1 transmit signals between phototropin and PM H+-ATPase. The function of PP1 has been demonstrated by the transformation of guard cells with PP1c isoforms and inhibitors, which specifically reduces PP1 activity and suppresses stomatal opening. Tutomycin, an inhibitor of PP1, affects the phosphorylation of PM H+-ATPase but does not affect phototropins (Takemiya et al., 2006).




PROMOTION AND UPGREGULATION H+-ATPASE STRATEGY ENHANCES PHOTOSYNTHESIS AND PLANT GROWTH


Principles

Stomatal conductance is always proportional to the degree of stomatal aperture and is one of the main limiting factors in C3 photosynthesis (Farquhar and Sharkey, 1982), thus improving stomatal conductance is predicted to enhance photosynthesis and crop yield when there are no other stresses affect plant performance. Because stomatal conductance depends on both stomatal density and property, manipulations mainly focus on these two things. Sugano et al. (2010) reported that STOMAGEN, which encodes a secretory peptide involved in stomatal differentiation, regulates stomatal density. In that study overexpression of STOMAGEN in Arabidopsis increased stomatal density and enhanced the rate of photosynthesis by 30% compared to wild-type (WT) plants. Notably however, STOMAGEN overexpression also increased net water loss, and the whole plant biomass did not change (Tanaka et al., 2013). Similar results were observed in a mutant of slow anion channel 1, which had defects in the stomatal closing pathway resulting in constantly open stomata (Kusumi et al., 2012). These two methods successfully enhanced stomatal conductance and promoted photosynthesis rates, but significantly increased water loss was not beneficial with respect to accumulating biomass. From this perspective, increasing the aperture of stomata under light conditions and maintaining normal closure under stress and dark conditions are likely to be more favorable for plant growth.

Recent studies have attempted to modify several key components involved in stomatal light responses to investigate their effects on stomatal traits and plant growth. As a component involved in stomatal opening induced by red and blue light, PM H+-ATPase reportedly has the potential to increase plant production via genetic modification. Wang et al. (2014a) used the strong guard cell promoter GC1, and Yang et al. (2008) overexpressed key genes in blue light-induced stomatal opening and reported that AHA2 (A. thaliana H+-ATPase 2) was the limiting factor in this process. In GC1::AHA2-overexpressing plants, the levels of AHA2 transcription and translation were increased, in conjunction with elevation of H+-ATPase phosphorylation (Figure 2A) and further hyperpolarization of the plasma membrane. Overexpression of PM H+-ATPase also affects the downstream K+ channel. Via sodium hexanitrocobaltate III staining of K+, it was determined that K+ uptake in GC1::AHA2-overexpressing plants was significantly higher than it was in WT plants under both light and exposure to fusicoccin conditions (Green et al., 1990; Figure 2B). The K+ channel current in GC1::AHA2 was similar to that in WT at the same voltage however (Figure 2C), indicating that manipulating PM H+-ATPase in guard cells did not alter the properties of K+ channels. Moreover, the expression level of potassium channel in Arabidopsis thaliana 1 (KAT1), a major guard cell K+ channel gene, also exhibited no significant change in GC1::AHA2-overexpressing plants (Figure 2D). Together these results indicated that the GC1::AHA2-overexpressing plant absorbed more K+ through the K+ channel without altering its expression level or properties. Eventually the ions and osmoticum accumulated, increasing the stomatal aperture.
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FIGURE 2. Principle of overexpression of PM H+-ATPase to enhance stomatal opening. (A) Immunohistochemical detection of PM H+-ATPase (anti-H+-ATPase) and its phosphorylation level (anti-pThr) in guard cells of WT and GC1::AHA2 (the same lines used in Wang et al., 2014a). (B) K+ uptake in wild-type (WT) and AHA2-overexpressing guard cells. Bars indicate the average of three replicates, and error bars indicate the standard error (n = 3). Asterisks indicates a significant difference from WT (p < 0.05, Student’s t-test). (C) Current–voltage relationships in guard cell protoplasts of WT and GC1::AHA2 detected by patch-clamp analysis. Solid circles represent WT, and hollow circles represent AHA2-overexpressing plants. Bars indicate the average of 4 replicates, and error bars indicate the standard deviation (n = 4 cells). (D) KAT1 expression levels were comparable in WT plants and AHA2-overexpressing plants.


Improving stomatal conductance is associated with increased photosynthetic rates and leads to greater biomass in GC1::AHA2-overexpressing plants. In light response curve studies, when light intensity was higher than 200 μmol m−2 s−1, stomatal conductance and the CO2 assimilation rate of GC1::AHA2-overexpressing plants were strikingly higher than those of WT. At a light intensity of nearly 200 μmol m−2 s−1, the growth of GC1::AHA2-overexpressing plants was increased, and the fresh and dry weights of rosettes and flower stems were significantly higher than those of WT (Wang et al., 2014a). The relationship between stomatal phenotypes and plant production has also been clarified. Because plants preferentially fix 12C during photosynthesis, an increase in stomatal conductance could lead to a decrease in the 13C/12C ratio (δ13C; Farquhar et al., 1989). GC1::AHA2-overexpressing plants had lower δ13C (Wang et al., 2014a), demonstrating that stomatal opening increased the intercellular CO2 concentration, which ultimately contributed to the plant growth. Moreover, it is reported that PM H+-ATPase also involved in plant root hair elongation and pollen tube growth (Axelsen and Palmgren, 2001; Hoffmann et al., 2019, 2020). Further studies are needed to exam whether GC1::AHA2-overexpression also affects root hair and pollen tube growth.

In one study, light-induced stomatal opening was disrupted by modifying certain components, but plant growth did not change. In GC1::AHA2-overexpressing plants with a Pro68-to-Ser point mutation at the AHA2 first transmembrane domain (GC1::AHA2-P68S), PM H+-ATPase was constitutively activated. GC1::AHA2-P68S-overexpressing plants exhibited continuous stomatal opening under light and dark conditions, and after the addition of abscisic acid (ABA), but there was no significant difference in plant growth compared to WT (Wang et al., 2014a). These results indicated that the functional integrity of PM H+-ATPase is essential for maintaining stomatal responses to light and promoting plant growth. Moreover, in plants overexpressing the stomatal opening positive regulator flowering locus T, stomata opened constantly under light and dark conditions, but closed normally with the application of ABA (Kinoshita et al., 2011). Compared with WT, flowering locus T-overexpression did not enhance plant growth (Wang et al., 2014a). These results may be partly due to the constant stomatal opening which led to lower water use efficiency, or it may be that PM H+-ATPase consumed ATP while the stomata remained open (Palmgren, 2001). Collectively, these results indicate that continuously open stomata under dark or stressed conditions probably hinder plant growth.



Environmental Plasticity

The aforementioned transgenic plants were all cultivated under suitable environmental conditions. In sessile organisms however, the ability to adapt to environmental changes directly affects their probability of survival. Therefore, the responses of modified plants under various conditions are a useful indicator of their merits.

Plants always face different environmental conditions, such as changes in day length and light conditions over time, high CO2 conditions due to increased global CO2 concentrations. The performance of GC1::AHA2-overexpressing plants under these conditions warrants attention. Under short-day conditions, the stomatal aperture of GC1::AHA2-overexpressing plants was notably higher than that of WT, as was their fresh and dry aboveground weight (Figures 3A,B). The stomatal aperture of the long-day plant A. thaliana was significantly reduced when the daylight duration was shortened (Aoki et al., 2019). Therefore, the enlarged stomatal aperture in GC1::AHA2-overexpressing plants may compensate for its reduction. The light intensity in this experiment was suitable (150 μmol m−2 s−1), which led to the stomatal aperture becoming the main limiting factor of photosynthesis under light. Therefore, the increased CO2 absorption through open stomata ultimately increased the biomass of the plants. Under low light conditions, the production of transgenic plants was identical to that of WT, although the stomatal aperture increased (Wang et al., 2014a). It may be that intercellular CO2 concentration affected the photosynthetic rate under low light, but electron transport was still a limiting factor in this process (Farquhar et al., 1980). Similarly, under elevated CO2 conditions, GC1::AHA2-overexpressing plants also exhibited increased stomatal apertures and an unchanged biomass (Figures 3C,D). It may be that stomatal restriction was not the main limiter of intracellular CO2 concentration (Farquhar et al., 1980; Busch et al., 2020).
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FIGURE 3. Environmental plasticity of AHA2-overexpressing plants. (A–F) Stomatal aperture (A,C,E) and relative aboveground weight (B,D,F) of WT and AHA2-overexpressing plants grown under short day (A,B, 8 h/16 h), high CO2 concentration (C,D, 800 ppm), and high temperature (E,F, 27°C) conditions. Bars indicate the average of 3 replicates, and error bars indicate the standard error (n = 3). Asterisks indicate a significant difference from WT (p < 0.05, Student’s t-test). (G,H) Responses of AHA2-overexpressing plants to biotic stress. (G) Colony-forming units of different plants. Four-week-old plants were sprayed with a Pst DC3000 suspension (OD600 of 1) in 10 mM MgCl2 with 0.02% silwet L-77. Leaf surfaces were sterilized with 70% ethanol for 1 min, then washed with water twice. Four leaf disks were ground in 1 ml of 10 mM MgCl2. The mutant plants psl4 and efr fls2 are insensitive to Pst DC3000. (H) Stomatal responses to bacterial epitopes. The concentration of elf18 and flg22 were 5 μM, respectively. Bars indicate the average of three independent samples with two replicates each, and error bars indicate the standard deviation (n = 3). Asterisks indicate a significant difference from WT (p < 0.01, Student’s t-test).


Because AHA2 overexpression alters stomatal traits, the biotic and abiotic stress associated with stomata may affect plant traits. The most deleterious abiotic sources of stress in plants are drought and heat. Under severe drought stress, plants mainly produced the phytohormone ABA to induce stomatal closure (Roelfsema et al., 2004). As well as inducing the activation of R-type and S-type anion channels, ABA also inhibited the capacity of PM H+-ATPase to maintain membrane depolarization which led to stomatal closure (Goh et al., 1996; Roelfsema et al., 2004). GC1::AHA2-overexpressing plants exhibited more PM H+-ATPase expression but were still regulated by ABA, resulting in the same stomatal and biomass phenotypes as WT. Under mild drought conditions, GC1::AHA2-overexpressing plants also exhibited the same performance as WT (Wang et al., 2014a). When land plants are exposed to high temperature they generally facilitate leaf cooling by opening stomata to increasing transpiration. It has been reported that components of the blue light-signaling pathway, including PM H+-ATPase and its upstream and downstream substances, are involved in high-temperature-induced stomatal opening (Kostaki et al., 2020). Notably however, the phenotype of GC1::AHA2-overexpressing plants was the same as WT (Figures 3E,F). It may be that the stomatal aperture of WT also increased at high temperature, eliminating the difference between them (Rogers, 1979).

The main source of biotic stress in plants is pathogen infection. One form of plant defense against bacterial invasion is closing stomata (Melotto et al., 2006). When GC1::AHA2-overexpressing plants were sprayed with Pst DC3000 (Pseudomonas syringae pv. tomato DC3000), the number of pathogenic bacteria entering the leaves through stomata remained unchanged compared to WT, indicating that the GC1::AHA2-overexpressing plants were normally susceptible to pathogens (Figures 3G,H). After adding a mixture of the bacterial epitopes elf18 and flg22, the stomatal apertures of the GC1::AHA2-overexpressing plants were similar to those of WT. This may be a result of a normal phytohormone pathway (such as the ABA pathway) in GC1::AHA2-overexpressing plants, which regulated stomatal closure to inhibit the entry of pathogenic bacteria. These results indicate that transgenic plants have a normal capacity to resist biotic stress.

Collectively, the above-describe observations suggest that under favorable conditions, especially when the stomatal aperture is the main limiting factor of photosynthesis, the CO2 assimilation rate and plant production of GC1::AHA2-overexpressing plants may be superior to WT. Under stress conditions, whether it was biotic or abiotic, GC1::AHA2-overexpressing plants showed neither advantages nor inferiority, and grew as well as WT (Table 1). These advantages of the technology enable it to be used in combination with other methods to further enhance photosynthesis and plant growth.



TABLE 1. Summary of PM H+-ATPase-overexpression plant characteristics under different conditions.
[image: Table1]




APPLICATIONS OF PROMOTION AND UPGREGULATION H+-ATPASE PLANTS


Overexpression of PM H+-ATPase Promotes Grain Yield in Rice

O. sativa is one of the most important crops worldwide and is the staple food of 3 billion people (Woolston, 2014). As a monocotyledon its stomata are formed as pairs of dumbbell-shaped guard cells surrounded by two subsidiary cells. Because of the difference in guard cell morphology between rice and Arabidopsis, whether modifying PM H+-ATPase could lead to a breakthrough in crop production warrants investigation.

There are 10 isoforms of OSA located on the plasma membrane, most of which are involved in light-induced stomatal opening. Like PM H+-ATPase in kidney-shaped guard cells, the activity of most OSAs is regulated via phosphorylation of penultimate threonine. Among them, OSA7 is the dominant isoform in rice guard cells and plays an indispensable role in plant growth. The stomatal conductance of the mutant osa7 was significantly lower than that of WT, and plant growth was severely restricted – to the extent that the plants were unable to develop to the reproductive stage. OSA7 is involved in blue light-induced stomatal opening (Toda et al., 2016). Other homologous genes involved in the blue light-signaling pathway in kidney-shaped guard cells have also been identified in rice (Kanegae et al., 2000; Takemiya et al., 2013), but the specific components and mechanism of the pathway in dumbbell-shaped guard cells remain to be determined.

OSA1 is one of the main isoforms in rice. A recent study on osa1 mutants and overexpressing rice plants improved our understanding of OSA genetically modified plants (Zhang et al., 2021). Because there is no guard cell-specific promoter in rice Zhang et al. (2021) used the CaMV-35S promoter to constitutively express OSA1. Stomatal conductance and the CO2 assimilation rate of OSA1-overexpressing plants were significantly higher than those of WT. Because active PM H+-ATPase could facilitate the absorption of ammonium (NH4+) in root, the NH4+ absorption rate in OSA1-overexpressing plants was also significantly increased. Moreover, because NH4+ absorption and assimilation occur almost simultaneously in plant roots (Xu et al., 2012), compared with both WT and mutants, the total amount of nitrogen in OSA1-overexpressing plants also increased (Zhang et al., 2021). Carbon and nitrogen are both associated with the rate of photosynthesis in leaves and root nitrogen assimilation, and both were significantly increased in OSA1-overexpressing plants.

The above-mentioned physiological changes were only short-term processes, and the final change in plant biomass also depended on a series of downstream genes. Long-term cultivation of OSA1-overexpressing plants increased the expression of genes associated with plant growth. Remarkably, via differentially expressed gene analysis, it was determined that overexpressing PM H+-ATPase activated a series gene involved in ammonia assimilation, amino acid metabolism, photosynthesis, and GRF4, a key transcription factor that integrates nitrogen assimilation, carbon fixation, and plant growth in rice (Li et al., 2018; Zhang et al., 2021). Positive feedback between the physiological process and gene expression eventually results in the crop yield of OSA1-overexpressing plants under different fertilization conditions being notably higher than that of WT, indicating that overexpression of PM H+-ATPase in rice has the potential to facilitate reduced use of nitrogen fertilizer. It also provides a new direction for the coordination of the N and C assimilation pathway, and to emphasize the importance of PM H+-ATPase (also known as proton pump), Zhang et al. (2021) suggested to define the “promotion and upregulation of PM H+-ATPase plants” as “PUMP” plants.



Nanomaterials Benefit Plants by Increasing PM H+-ATPase Expression

Nanomaterial science can be used to increase the expression of PM H+-ATPase in plants, and its effects are similar to those of genetic manipulation. Engineered nanomaterials have been widely applied in environmental remediation, agriculture, and other fields, and have specific effects on PM H+-ATPase in plants. The effects of engineered nano zerovalent iron (nZVI) on PM H+-ATPase have been investigated. In studies on nZVI in Arabidopsis, the surface of nZVI was oxidized to iron oxide-hydroxide, which was hydrolyzed resulting in OH− and increased rhizosphere pH, and the activation and expression of PM H+-ATPase were promoted. Remarkably, the treated plants maintained satisfactory water use efficiency while increasing the stomatal aperture (Kim et al., 2015). In another study, nZVI was investigated in cucumber plants, and under favorable conditions, the photosynthetic capacity of plants was enhanced (Yoon et al., 2019). Moreover, when carbon nanoparticles were added to tobacco plant cell suspensions the expression of PM H+-ATPase was significantly upregulated, and plant growth was also increased (Chen et al., 2020a). These technologies constitute a potential new method for increasing PM H+-ATPase in plants to improve plant production.




CONCLUSION

PM H+-ATPase occurs in numerous plants, especially crops, and PM H+-ATPase manipulation has a wide range of potential applications in various crops under certain conditions. In the future, the application of gene-editing tools, such as the Crispr/cas9 system to edit the promoter region of PM H+-ATPase to enhance PM H+-ATPase expression, may facilitate the breeding of non-transgenic promotion and upregulation H+-ATPase plants. Chemical compounds that induce PM H+-ATPase activity, such as plant hormones, auxin (Takahashi et al., 2012), and brassinosteroid (Minami et al., 2019), and stomatal opening (Toh et al., 2018) is also candidates for incorporation into promotion and upregulation H+-ATPase strategies.
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Cultivar Stomatal density (poresjmm?) Stomatal index (%) Correlation coefficient
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Gharflor-1611 17.503-26.605 21.704 0.134 16.779-19.388 17.922 0051 0878
Ningmai9 2.800-0.802 7.000 0329 38109910 8066 0271 0926

CV, coefficient of variation; correlation coefficient of each cultivar was calculated using stomatal density values and stomatal index values of five micrographs.
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Nimage, the number of microscopic images used for individual plant family; CA, counting accuracy; CF, counting precision; SIA, stomatal index accuracy; SIF, stomatal index precision;

R2 and RMSE were obtained from the simple linear regression (y

‘between manual counting by experts and automatic counting.
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