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            Abstract
Environmental stimuli, including elevated carbon dioxide levels, regulate stomatal development1,2,3; however, the key mechanisms mediating the perception and relay of the CO2 signal to the stomatal development machinery remain elusive. To adapt CO2 intake to water loss, plants regulate the development of stomatal gas exchange pores in the aerial epidermis. A diverse range of plant species show a decrease in stomatal density in response to the continuing rise in atmospheric CO2 (ref. 4). To date, one mutant that exhibits deregulation of this CO2-controlled stomatal development response, hic (which is defective in cell-wall wax biosynthesis, ref. 5), has been identified. Here we show that recently isolated Arabidopsis thaliana Î²-carbonic anhydrase double mutants (ca1Â ca4)6 exhibit an inversion in their response to elevated CO2, showing increased stomatal development at elevated CO2 levels. We characterized the mechanisms mediating this response and identified an extracellular signalling pathway involved in the regulation of CO2-controlled stomatal development by carbonic anhydrases. RNA-seq analyses of transcripts show that the extracellular pro-peptide-encoding gene EPIDERMAL PATTERNING FACTOR 2 (EPF2)7,8, but not EPF1 (ref. 9), is induced in wild-type leaves but not in ca1Â ca4 mutant leaves at elevated CO2 levels. Moreover, EPF2 is essential for CO2 control of stomatal development. Using cell-wall proteomic analyses and CO2-dependent transcript analyses, we identified a novel CO2-induced extracellular protease, CRSP (CO2 RESPONSE SECRETED PROTEASE), as a mediator of CO2-controlled stomatal development. Our results identify mechanisms and genes that function in the repression of stomatal development in leaves during atmospheric CO2 elevation, including the carbonic-anhydrase-encoding genes CA1 and CA4 and the secreted protease CRSP, which cleaves the pro-peptide EPF2, in turn repressing stomatal development. Elucidation of these mechanisms advances the understanding of how plants perceive and relay the elevated CO2 signal and provides a framework to guide future research into how environmental challenges can modulate gas exchange in plants.
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                    Figure 1: The carbonic anhydrases CA1 and CA4 are required for repression of stomatal development at elevated CO2 concentrations.[image: ]


Figure 2: EPF2 expression is regulated by CO2 concentration and is essential for CO2 control of stomatal development.[image: ]


Figure 3: A CO2-regulated, secreted subtilisin-like serine protease, CRSP, is a mediator of elevated CO2 repression of stomatal development.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mutations in CA1, CA4, CRSP and EPF2 affect CO2 control of stomatal development in mature rosette leaves.
a, WT (Col) and ca1Â ca4 double mutants. b, WT (Col) and crsp-1 and epf2-1 single mutants grown for 6 weeks at low (150Â p.p.m.; blue) and high (500Â p.p.m.; orange) CO2 concentrations. Small cell clusters (SLGCs) are not included in these stomatal index (SI) calculations. Abaxial stomatal indices (that is, the percentage of epidermal cells that are stomata: 100Â Ã—Â [number of stomata]/[number of stomataÂ +Â number of pavement cells]) for mature rosette leaves (seventh and eighth leaves). c, Twenty-one-day-old ca1Â ca4 double mutant and WT plants grown at 150Â p.p.m. and 500Â p.p.m. CO2. Scale bar, 2Â cm. ca1Â ca4 mutant and WT plants were morphologically indistinguishable under the imposed growth conditions. No obvious aberrations in stomatal shape or size were found in the ca1Â ca4 mutant (Fig. 1a). Examination of the epidermis of ca1Â ca4 mutant plants revealed that adjacent stomata had at least one epidermal cell between them with no stomatal pairing or clusters (unlike what is observed in epf1 mutants9), indicating that spacing divisions were enforced in the mutant during stomatal lineage establishment (Fig. 1a). The WT and ca1Â ca4 plants grown at 150 p.p.m. CO2 were smaller than their 500-p.p.m.-grown counterparts; the cotyledons and leaves of the WT and the ca1Â ca4 mutant were similar in size and shape at each CO2 concentration. Because seedlings grown at 150 p.p.m. CO2 have smaller leaf areas, such size differences may generate artefacts when analysing stomatal density. Hence, in this study, we employed stomatal index analyses as a reliable measure of comparing stomatal developmental changes between CO2 treatments. d, CO2-induced change in stomatal index (500Â p.p.m. versus 150Â p.p.m.) of three independent lines of the ca1Â ca4 mutant complemented with guard cell preferential overexpression of a YFP fusion of the human carbonic anhydrase II (CA-II). The significance of suppression was analysed relative to ca1Â ca4. We interrogated whether carbonic anhydrase enzyme activity or the specific structure of CA1 and CA4 are important for mediating CO2 control of stomatal development. We transformed the ca1Â ca4 mutant with the unrelated gene human CA2 (ref. 6) as a YFP fusion protein under the control of the mature guard cell preferential promoter (pGC1; Extended Data Fig. 2b,c). Human CA-II has low protein sequence identity to A. thaliana CA1 (9%) and CA4 (12%)6 and, as such, is an ideal candidate for these studies. In all three independent transformant lines tested, the elevated CO2-induced inversion in the stomatal index of ca1Â ca4 mutant plants was partially suppressed by mature-guard-cell-targeted expression of the human carbonic anhydrase gene. This result suggests that the catalytic activity of the carbonic anhydrases may be required for CO2 control of stomatal development. The requirement for catalytic carbonic anhydrase activity for this CO2 response would be consistent with a background CO2 response rate even in ca1Â ca4 mutant plants, owing to spontaneous CO2 hydration. e, Altering rapid CO2-induced stomatal movements and transpiration efficiency did not invert the elevated-CO2-mediated control of stomatal development. The stomatal index in the WT (Col) and in the OPEN STOMATA 1 mutant ost1-3 at low and elevated CO2 concentrations is shown. Leaf transpiration rates control stomatal development36. As CO2 levels affect transpiration by regulating stomatal movements6,10,12, we examined whether the processes governing transpiration and CO2-induced stomatal movements are distinct from CO2 regulation of stomatal development. We chose a mutant of the protein-kinase-encoding gene OST1 for these studies as OST1 is an upstream regulator of abscisic acid-induced stomatal closure and mutations in this gene result in plants with a higher transpiration rate37. Furthermore, OST1 is a key mediator of CO2-induced stomatal closure18, and whether CO2 control of stomatal development requires OST1 is unknown. Thus, we investigated whether ost1-3 mutant plants also show an inversion of the CO2-controlled stomatal development response. We found that ost1-3 mutant plants grown at the elevated CO2 concentration showed an average 7% reduction in the stomatal index. Furthermore, ost1-3 mutant leaves had slightly larger average stomatal indices than WT leaves at low and elevated CO2 concentrations (P = 0.097 at 150Â p.p.m.). Hence, we conclude that disrupted stomatal movements and increased transpiration do not cause the CO2-induced inverted stomatal development response in ost1 mutants. This finding is in contrast to that for ca1Â ca4 leaves, which have an increased stomatal conductance and an inverted stomatal development response to the elevated CO2 concentration. For a, b, d and e, n = 20. ***, PÂ <Â 0.00005; **, PÂ <Â 0.005; *, PÂ <Â 0.05, using ANOVA and Tukeyâ€™s post-hoc test. Error bars, meanÂ Â±Â s.e.m. in a, b, d and e.


Extended Data Figure 2 Mature-guard-cell-targeted carbonic anhydrase catalytic activity suppresses stomatal development via extracellular signalling in ca1Â ca4 mutants.
a, Cartoon showing epidermal cell differentiation in an immature cotyledon. Green indicates differentiated epidermis with stomata (shown in b); red indicates epidermal cells that have entered the stomatal lineage (shown in c). b, c, Confocal images of mature (b) or developing (c) stomata in cotyledons at 5 DAG for lines expressing the human CA-IIâ€“YFP construct driven by the mature guard cell preferential promoter pGC1 (ref. 16), illustrating mature guard cell targeting of pGC1::CA-II-YFP. Two representative images of the distal end of the cotyledon epidermis, where stomatal differentiation has already occurred (b). Two representative images (the image on the left is at higher magnification) of the proximal end of the cotyledon, where stomatal differentiation has not yet taken place (c). d, The stomatal index of six independent complementation lines of the ca1Â ca4 mutant transformed with either CA1â€“YFP or CA4â€“YFP (significance of suppression was determined relative to ca1Â ca4). All scale bars, 20Â Âµm. Error bars, meanÂ Â±Â s.e.m.; n = 20. ***, PÂ <Â 0.00005; **, PÂ <Â 0.005; *, PÂ <Â 0.05, using ANOVA and Tukeyâ€™s post-hoc test.


Extended Data Figure 3 CO2 regulation of stomatal indices at 1,000Â p.p.m. CO2 in mature leaves.
Abaxial stomatal indices (that is, the percentage of epidermal cells that are stomata) for mature cotyledons (10 DAG) of WT (Col), the epf2-1, epf2-2, crsp-1 and crsp-2 single mutant alleles and the ca1Â ca4 double mutant grown at 150 and 1,000Â p.p.m. CO2. Small cell clusters are included in the calculations for the epf2 mutants. Error bars, meanÂ Â±Â s.e.m., n = 20. ***, PÂ <Â 0.00005; **, PÂ <Â 0.005; *, PÂ <Â 0.05, using ANOVA and Tukeyâ€™s post-hoc test.


Extended Data Figure 4 Numbers of stomatal and non-stomatal cells in WT, epf2-1, epf2-2 and crsp-1 mutants at the elevated CO2 concentration, and mutations in the negative-regulatory extracellular signals of stomatal development.
The secreted EPF signalling pro-peptides have been identified as extracellular pro-peptide ligands that mediate the repression of stomatal development via extracellular signalling7,8,9,22,23,24,27. Abaxial cell densities for stomatal cells (a) and non-stomatal cells (b; all epidermal pavement and SLGC cells except guard cells) (per mm2) in mature cotyledons (10 DAG) of WT, epf2-1, epf2-2 and crsp-1 mutants grown at 500Â p.p.m. CO2. Note that the stomatal density effects in epf2 mutants are larger than those on stomatal index (see the main text, Methods and Extended Data Fig. 1c legend). *, PÂ <Â 0.05 for comparisons with WT. c, d, Seedlings carrying mutations in the negative-regulatory extracellular signals of stomatal development, EPF1 and CHALLAH (EPFL6), did not exhibit inverted CO2 control of stomatal development in cotyledons. Stomatal indices of 10-day-old WT (Col), epf1-1 single mutant7 (c) and challah single mutant21 (d) seedlings grown at low (150Â p.p.m.) and elevated (500Â p.p.m.) CO2 concentrations are shown. In all panels, error bars, meanÂ Â±Â s.e.m., n = 20. *, PÂ <Â 0.05, using ANOVA and Tukeyâ€™s post-hoc test.


Extended Data Figure 5 Tandem mass spectrometry (MS/MS) spectra identifying the protease CRSP in the apoplast proteome, CRSP localization, qPCR for T-DNA insertion alleles in CRSP and the effects of short term exposure to step changes in the CO2 concentration on CRSP mRNA levels.
Leaf apoplast proteomic experiments identified the following: SBT1.7 (also known as ARA12; identified in four out of five experiments), SBT1.8 (the closest homologue of ARA12; identified in three out of five experiments), SBT5.2 (At1g20160; identified in four out of five independent apoplast proteomic experiments) and SBT3.13 (identified in two out of five independent apoplast proteomic experiments). SDD1 is distantly related to SBT5.2 and has been shown to function independently of EPF1 and EPF2. It belongs to the SBT1 clade of the subtilisin-like serine proteases. a, Example product ion spectrum for the native peptide TTHSWDFLKYQTSVK of CRSP, which was recovered directly from the apoplast extract before trypsin digestion. The product ion spectrum for the parent ion of m/z = 614.33 (+3) is shown. Apoplast proteins were isolated, purified and subjected to MS/MS as described in the Methods. b, The product ion spectrum for the peptide AVASAYGSFPTTVIDSK of CRSP, which was identified from trypsin digestion of the apoplast extract. The product ion spectrum for the parent ion of m/z = 857.44 (+2) is shown. The product ion spectra are annotated for y, yÂ +Â 2, b and bÂ +Â 2, using the Paragon algorithm (ProteinPilot 4.0 AB SCIEX). The tables show the identification results for the peptides using ProteinPilot 4.0. Conf. denotes the percent confidence (99%) score for the identified peptide. Cleavages means any potential mis-cleavage. Delta MassÂ is the theoretical massÂ â€“Â the measured mass. Z is the charge state. c, d, A translational fusion of the CRSP protease with VENUS (driven by the 5â€² promoter fragment comprising the 2,000 basepairs of genomic sequence directly upstream of the first ATG of CRSP) localizes to the cell wall in A. thaliana plants. Hypocotyl (c) and sixth leaf epidermal cells (d) of 10-day-old seedlings are shown. Hypocotyl samples were counter-stained with propidium iodide (top panel) and imaged for VENUS fluorescence (middle panel); the bottom panel shows the merged image. Pending detailed characterization of the sites of CRSP protein expression and localization, it is not known whether the biological activity of CRSPâ€™s modulation of stomatal development in response to an elevated CO2 stimulus originates either from stomatal precursor stem cells or from other cell types such as mature stomata. e, qPCR analyses of 10-day-old seedlings were conducted for WT, crsp-1 (SALK_132812C) and crsp-2 (SALK_099861C) seedlings. Twenty seedlings were pooled, and the RNA was isolated for cDNA synthesis and subsequent qPCR. The expression levels were normalized to those of the CLATHRIN gene. qPCR results suggest approximately 55% reduction in CRSP transcript abundance in seedlings carrying the crsp-1 mutant allele upstream of the T-DNA insertion site. Note that the CRSP-1 translated protein exhibits reduced cleavage of EPF2 (Extended Data Fig. 6a).The crsp-2 mutant has a T-DNA insertion at the 3â€² end of the last (ninth) exon and shows partially reduced CRSP transcript levels. Primer sequences 5â€² of the T-DNA insertion sites amplified CRSP transcripts (Methods, for primer sequences). f, qPCR analyses of 10-day-old WT seedlings were conducted for plants grown at 150Â p.p.m. (left) or 500Â p.p.m. (right) CO2. After 10 days of growth at these conditions, the plants were transferred to the opposite CO2 growth conditions for 4Â h. CRSP transcripts were quantified via qPCR in cotyledons (ACTIN 2 was used as the housekeeping gene with which to normalize cDNA levels) before (0Â h; blue bars) and after (4Â h; red bars) the step change in CO2 concentration. n = 10 in e and n = 20 in f. Error bars, meanÂ Â±Â s.e.m. in e and f.


Extended Data Figure 6 CRSP cleaves synEPF2 in vitro.
In vitro cleavage reactions over time of synthetic EPF family peptides incubated with CRSP, (mutated) CRSP-1 and negative control (mock, wheat germ extract only) proteases. The synEPF peptides are flanked by fluorophore and quencher moieties, and fluorescence can be measured when the quencherâ€“fluorophore interaction is disrupted by cleavage of the synEPF peptide. EPF2 (a); EPF1 (b); STOMAGEN (STG) (c); a chimaeric peptide of EPF2, including seven amino acid substitutions corresponding to STOMAGEN in the region of the cleavage (d). The EPF2 peptide that was used comprises the 69 carboxy-terminal amino acids of the native EPF2 peptide and includes the predicted cleavage site. This peptide lacks the 51 amino-terminal amino acids of the native EPF2 peptide. We mapped an in vitro cleavage site of the synthetic EPF2 peptide using MS/MS analyses, and our results show predominant cleavage at the site in bold: SKNGGVEMEMYPTGSSLPD|CSYACGACSPC. When aligned with the STOMAGEN protein sequence, this in vitro cleavage site of EPF2 by CRSP is within seven residues of the native STOMAGEN peptide cleavage site23,27. It remains to be determined whether an EPF2 cleavage site corresponding to the STOMAGEN cleavage site23,27 occurs in vivo. The CHIMERA peptide was also cleaved by trypsin to demonstrate the functionality of the synthetic fluorogenic peptide (the EPF1 and STOMAGEN peptides also showed a robust fluorescence signal when cleaved with trypsin). To test the specificity of CRSP-mediated EPF2 cleavage, we conducted cleavage experiments with a re-designed EPF2â€“STOMAGEN chimaeric peptide. This peptide included 7 amino acid substitutions in the EPF2 sequence, converting a stretch of 12 EPF2 residues into the aligned STOMAGEN sequence (the 12 residue stretch spans the LPD|CS site). The modified EPF2 cleavage site containing the STOMAGEN sequence is SKNGGVEMEMYPIGSTAPTCTYNEGACSPC. We changed the D (in the LPD|CS site) to a T since this corresponds to the sequence of STOMAGEN and EPFL4, a negative-regulatory peptide related to EPF2. The modified sequence contained the STOMAGEN-specific TTNE motif. These experiments show that CRSP-mediated cleavage is abolished in this chimaeric EPF2â€“STOMAGEN peptide. Fluorescence data were normalized for background fluorescence by using buffer only controls, and the change in the relative fluorescence was calculated by subtracting the initial fluorescence measurement for each sample. e, The change in the relative fluorescence emitted over time on cleavage of the synthetic EPF2 peptide (synEPF2) by CRSP in the presence or absence of protease inhibitors is shown (Methods). In all panels n = 3. Error bars, meanÂ Â±Â s.e.m.


Extended Data Figure 7 CRSP is required for EPF2 function in planta and CO2 control of stomatal development in crspÂ epf2 double mutant plants.
aâ€“d, WT and crsp mutant seedlings harbouring an oestradiol-inducible EPF2 construct were germinated in the absence (uninduced; a and c) or presence (induced; b and d) of Î²-oestradiol. The cotyledon epidermis of 5-day-old seedlings was imaged using a confocal microscope and propidium iodide staining. e, Quantitation of the effects of EPF2 transcript levels on 5-day-old cotyledon stomatal density (number of stomata per mm2) in nine independent lines harbouring the Î²-oestradiol-inducible EPF2 overexpression construct in the WT, crsp-1 or crsp-2 mutant backgrounds and the WT control (uninduced). For each line, 20 images from 10 cotyledons (2 images per cotyledon; 10 separate seedlings used) were analysed, and RNA was extracted from 10 separate seedlings (see Methods). f, Abaxial stomatal indices for mature cotyledons (10 DAG) of WT (Col), the crsp-1 and epf2-1 single mutants, and the crsp-1Â epf2-1 double mutant plants grown at low (blue) and high (red) CO2concentrations. SLGCs are included in these stomatal index (SI) calculations. n = 20 in e and f. In f, ***, PÂ <Â 0.00005; *, PÂ <Â 0.05, using ANOVA and Tukeyâ€™s post-hoc test. Error bars, meanÂ Â±Â s.e.m.


Extended Data Figure 8 CRSP is not clearly required for EPF1 function in planta.
aâ€“d, WT and crsp mutant seedlings harbouring an oestradiol-inducible EPF1 construct were germinated in the absence (uninduced; a and c) or presence (induced; b and d) of Î²-oestradiol. The cotyledon epidermis of 5-day-old seedlings was imaged using a confocal microscope and propidium iodide staining. e, Quantitation of the effects of EPF1 transcript levels on 5-day-old cotyledon stomatal density (number of stomata per mm2) in independent lines harbouring the oestradiol-inducible EPF2 overexpression construct in the WT, crsp-1 and crsp-2 mutant backgrounds. n = 20 in e. Error bars, meanÂ Â±Â s.e.m.


Extended Data Figure 9 erecta mutant exhibits impaired CO2 control of stomatal development.
It has previously been shown that EPF2 binds to the receptor ERECTA22,38, and it has been shown that the mitogen-activated protein (MAP) kinase kinase kinase YODA39 represses stomatal development. Hence, we tested the effects of the elevated CO2 concentration on stomatal development in plants carrying an erecta mutant or erecta like 1 (erl1) or erl2 mutant alleles: er-105, erl1-2 and erl2-1 (ref. 40). The er-105 mutant showed an inversion of CO2 control of stomatal development, and the erl2-1 single mutant showed a possible increase in the stomatal index at elevated CO2 concentration but weaker than that for er-105 Abaxial stomatal indices of WT (Col) and the er-105, erl1-2 and erl2-1 single mutants grown at low (150Â p.p.m.; blue) and high (500Â p.p.m.; red) CO2 concentrations. SLGCs are excluded from these stomatal index (SI) calculations. n = 20. **, PÂ <Â 0.005, using ANOVA and Tukeyâ€™s post-hoc test. Error bars, meanÂ Â±Â s.e.m.
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        Editorial Summary
Control of plant stomatal development
The continuing rise in atmospheric CO2 levels is suppressing the development of stomatal pores in plant leaves on a global scale. This, combined with the increasing scarcity of water for agriculture, can significantly affect plant carbon assimilation, heat stress and water-use efficiency. Julian Schroeder and colleagues investigate the genes and mechanisms through which CO2 controls development of the stomatal pores that plants use to regulate gas exchange in leaves. They identify a framework of mechanisms: at high CO2 levels, extracellular signalling and carbonic anhydrase regulate a novel protease called CRSP and the pro-peptide EPF2; this in turn represses stomatal development.
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