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Abstract

Guard cells form epidermal stomatal gas exchange valves in plants and regulate the aperture of 

stomatal pores in response to changes in the carbon dioxide (CO2) concentration in leaves. 

Moreover, the development of stomata is repressed by elevated CO2 in diverse plant species. 

Evidence suggests that plants can sense CO2 concentration changes via guard cells and via 

mesophyll tissues in mediating stomatal movements. We review new discoveries and open 

questions on mechanisms mediating CO2-regulated stomatal movements and CO2 modulation of 

stomatal development, which together function in CO2-regulation of stomatal conductance and gas 

exchange in plants. Research in this area is timely in light of the necessity of selecting and 

developing crop cultivars which perform better in a shifting climate.

Keywords
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climate; agriculture

Importance of CO2 regulation of stomatal conductance

Higher than ambient CO2 concentrations mediate a closure of stomatal pores in plants and 

conversely, low CO2 concentrations trigger opening of stomatal pores. Respiration in plant 
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leaves in the night (dark) causes a rapid rise in the intercellular CO2 concentration (Ci) in 

leaves and measurements indicate that CO2 levels can exceed 600 ppm (Figure 1A) CO2 [1]. 

Moreover intercellular CO2 concentrations ([CO2]) can rapidly drop to below 200 ppm in 

the light [165±58 ppm] [1]. In parallel to the diurnal oscillation in Ci, global CO2 levels 

have risen exponentially [2, 3] since the advent of the industrial revolution (Figure 1B). 

April 2014 was the first month in recorded history to have consistently had CO2 levels 

above 400 ppm. This increase in atmospheric CO2 causes a rise in leaf Ci. Stomatal pore 

apertures respond to these changes in Ci [4, 5]. A longer term effect of the continuing [CO2] 

rise is the down-regulation of stomatal development in the leaf epidermis [6]. This 

developmental response was first discovered almost 3 decades ago [6], and has been 

subsequently confirmed with evidence in the fossil record [7, 8]. While a preponderance of 

species exhibit this response, some species show either an opposite effect or are 

unresponsive to elevated CO2 concentrations [9, 10]. Despite the prime importance of these 

responses, little has been known about the underlying genetic mechanisms.

The combined effect of the above two CO2 responses negatively impacts overall stomatal 

conductance on a global scale by reducing both stomatal apertures and the total numbers of 

stomata per unit leaf area. While decreased stomatal conductance is beneficial for limiting 

water loss from plant leaves [11] through reduced evapotranspiration, there is also a 

potential cost to such water savings. Fewer and more closed stomata in response to elevated 

CO2 levels also reduce the evapotranspirative cooling ability of leaves, which in turn adds to 

leaf heat stress [12–14] under water-limited growth regimens. Heat stress, combined with 

drought and rising temperatures can reduce plant health [15] and crop productivity globally, 

thus impacting agricultural practices and possibly nutrient content [16, 17] and supply [18] . 

Furthermore, a large stomatal conductance can correlate with improved crop yield [19–21], 

and thus the downregulation of stomatal conductance by CO2 may contribute to suboptimal 

yields when sufficient water is available. Additionally, CO2 concentrations also affect leaf 

development and leaf area in some species and these responses have a direct bearing on 

water conservation and improving biomass in plants. These varied responses to changes in 

atmospheric CO2 levels complicate efforts to model and predict the effects of rising CO2 

levels on global gas exchange in forests and ecosystems. Future research and attempts to 

adapt crop production to climate change would benefit significantly from a molecular 

understanding of CO2-regulated plant gas exchange. Here we summarize recent discoveries 

of molecular and cellular mechanisms mediating CO2 regulation of stomatal movements. 

Interested readers are directed to reviews summarizing previous metabolic and physiological 

aspects of stomatal function [22–24]. We also review a recently uncovered initial framework 

[25] for mechanisms mediating elevated CO2 repression of stomatal development in plants, 

and point to open questions for further inquiry into this pathway. Predicting plant 

performance and plant responses to the combination of rising CO2 and other environmental 

stresses such as heat and drought is reviewed elsewhere [12–14, 26–29].

Convergence of CO2 and ABA signaling

Pioneering research has shown that the plant hormone abscisic acid (ABA) enhances the 

stomatal CO2 response [30]. However, the precise signaling convergence point remains to 

be resolved [31–33]. Among the first genetic stomatal CO2 signaling components 
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discovered were the dominant abscisic acid (ABA) -insensitive PP2C protein phosphatase 

mutations, abi1-1 and abi2-1, which cause conditional CO2 insensitivity [31, 34]. Molecular 

genetic components of the ABA and stomatal movement regulatory signal transduction 

machinery have been shown to be conserved over evolutionary timescales [35–37]. 

Interestingly, ABA signaling through ABA receptors, named PYR/RCARs, partially affects 

stomatal responses to elevated CO2 [33]. A present model proposes that these ABA 

receptors may not directly mediate guard cell CO2 signaling, but disruption slows CO2 

responses. These results suggest that CO2 and ABA responses are mediated by converging 

pathways, such that the CO2 response is weakened in the complete absence of an ABA 

response. Thus two models could be considered: (i) ABA and ABA receptors function 

upstream of the convergence point of CO2 and ABA signaling, while synergistically 

amplifying common downstream signaling mechanisms [32, 33]. Or (ii) CO2 elevation may 

rapidly (within 1 to 3 minutes) cause an elevation in the guard cell [ABA] concentration and 

thus mediate stomatal closing. The recent development of real time ABA reporters enables 

time-dependent monitoring of ABA concentration changes in single cells including guard 

cells [38, 39]. Such Förster resonance energy transfer (FRET) reporters will enable future 

analyses which address the question of whether [CO2] elevation causes a rapid [ABA] 

increase in guard cells.

Roles for carbonic anhydrase enzymes in CO2 signaling

The cellular sensing mechanisms for changes in CO2 and/or bicarbonate concentrations that 

mediate rapid high CO2-induced stomatal movements are key to understanding the 

underlying response. Carbonic anhydrase enzymes functioning in guard cells have been 

shown to be important for the rapid wild type stomatal movement response to changes in 

CO2 levels [40]. These enzymes are beta carbonic anhydrases [40] and the CO2 response of 

the alpha and gamma classes of carbonic anhydrases [41] has not yet been determined. 

Interestingly, complementation of double mutant plants by expressing a structurally-

unrelated mammalian carbonic anhydrase preferentially in guard cells restores the WT 

response [40]. These data indicate that the catalytic activity of the carbonic anhydrase 

enzymes is involved in “transponding” [42] the CO2 stimulus in this pathway and point to 

bicarbonate and/or protons as possible second messengers involved in signal transduction. 

The importance of the role of bicarbonate in stomatal aperture regulation was found in patch 

clamp studies. Elevation in the cytoplasmic bicarbonate concentration activates anion 

channels in guard cells required for stomatal closing [32]. A recent study has suggested that 

a MATE transporter-like protein, RHC1, functions as a bicarbonate sensor in this pathway 

[43].

Two key questions for stomatal CO2 signaling are the tissue and sub-cellular sites of CO2 

perception. Is CO2 sensed in the mesophyll or in the guard cells or in both cell types? CO2 

perception in animals is currently believed to be a vestigial sensory mechanism [42] and 

studies in animals have linked carbonic anhydrases to the perception of carbonation [44]. 

Adenylyl cyclase enzymes have been shown to play important roles in CO2 sensing in 

mammalian and fungal systems [45, 46], but plant orthologs for these proteins have not been 

identified. Another area of scientific inquiry is whether photosynthesis plays a direct role in 

rapid CO2-regulated stomatal movements. Of the six Arabidopsis thaliana beta carbonic 
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anhydrases, CA4 is localized at the plasma membrane while CA1 is mainly targeted to 

chloroplasts upon transient expression in tobacco (Nicotiana benthamiana) cells [40, 47]. 

This expression pattern raises the question: how does this expression pattern of carbonic 

anhydrases function in mediating stomatal responses to CO2?

In a recent study, the intracellular targeting of the β-carbonic anhydrases CA1 and CA4 in 

guard cells was characterized in relation to their roles in CO2 control of stomatal 

movements. Expression of fluorescently-tagged carbonic anhydrases in guard cells of 

ca1ca4 double mutant plants showed that expression of CA4 at the plasma membrane or 

CA1 in guard cell chloroplasts can restore CO2 -induced stomatal responses [48]. 

Mathematical modeling and experiments have revealed that spatial gradients of inter-cellular 

second messengers can play a role in signaling events [49]. In addition, recent computational 

and experimental studies in Xenopus laevis oocytes have demonstrated that increases or 

decreases in the external CO2 concentration can lead to significant and transient spatial 

intracellular gradients of CO2 and its reaction products including bicarbonate [50]. In this 

mathematical model, the plasma membrane was assumed to be permeable to CO2 and 

carbonic anhydrase were assumed to be in the cytoplasm. Although reaction-kinetic 

parameters of carbonic anhydrases may be similar in plants, the size of guard cells is 

significantly smaller than Xenopus laevis oocytes: ≈5 µm compared to ≈1000 µm. This 

smaller dimension leads to a much smaller diffusional time scale, which can be estimated by 

taking the ratio of the square of the cell size and the diffusion constant. Taking the diffusion 

constant of CO2 to be of the same order as in oocytes, D≈1000 µm2/s, the diffusion time in 

guard cells is less than 1 s [48], which is faster than the typical time scale of stomatal 

responses. Thus, CO2 gradients are unlikely to occur in guard cells and play a significant 

role in regulating stomatal opening and closing. Consistent with this analysis, recent 

mathematical modeling addressing the spatial localization of carbonic anhydrases showed 

virtually identical dynamics of HCO3
− concentration changes at any depth into modeled 

guard cells [48]. This modeling study predicts that carbonic anhydrases that are localized to 

the plasma membrane and to the cytoplasm produce effective intracellular HCO3
− 

concentration changes in guard cells, while the participation of the chloroplast localized CA, 

in this process, is less likely [48]. This simplified model, together with functional analyses 

of CA1 and CA4, predicted that intracellular HCO3
− concentration in guard cells, driven by 

carbonic anhydrases at the plasma membrane or in the cytosol, can regulate stomatal CO2 

responses. In addition, this research also suggests that in guard cells, chloroplast-localized 

carbonic anhydrases contribute to CO2 control of stomatal closing via an unknown plastidial 

mechanism that will require further investigation [48].

Based on the above model and findings, new gas exchange analyses of single carbonic 

anhydrase mutants support the model that the plasma membrane-localized CA4 plays an 

important role in CO2 signal transduction as the ca4 mutant can show a slightly altered 

sensitivity, even if not always significant, to the CO2 stimulus (Figure 1C and D). The 

ca1ca4 double mutant shows a clearly more pronounced slowed CO2 response [40, 48] 

(Figure 1E). One possible model to explain the enhanced phenotype in ca1ca4 could be that 

either mutation alone causes a largely sub-threshold impairment in the CO2 response. 

However, overexpression of either CA is sufficient for recovery of a more wild type-like 
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CO2 response by over-coming this threshold effect [40, 48]. This threshold model is also 

consistent with the finding that the catalytic activity of carbonic anhydrases mediates the 

stomatal CO2 response [40], and that CAs accelerate the rate of CO2/ HCO3− + H+ 

equilibration.

thaliana βCA1 is mainly targeted to the chloroplast stroma [47]. Furthermore, YFP-tagged 

βCA1 in guard cell chloroplasts restored stomatal responses to CO2 [48]. These data raised 

the question, whether guard cell photosynthesis functions directly in the stomatal-CO2 

response. Transgenic plants in which chlorophyll was directly removed from guard cell 

chloroplasts, but not from mesophyll chloroplasts, showed that chlorophyll-lacking guard 

cells continue to show CO2-induced stomatal closing [51]. Together with pharmacological 

studies using norflurazon [52], these findings suggest that the role of βCA1 in CO2 signaling 

does not lie in photosynthesis, and implies an unknown function of guard cell chloroplasts in 

the CO2 response, which needs to be identified.

Mesophyll and guard cell mechanisms of CO2 signaling and a role for 

photosynthesis

Photosynthesis plays a well-documented role in CO2 regulation of stomatal apertures by 

lowering the intercellular CO2 concentration (Ci) in leaves [4] (Figure 1A). In addition to 

this indirect function of photosynthesis via lowering of Ci, present studies have led to 

differing models for the site of direct CO2 sensing in the published literature (for reviews see 

[53, 54]). Some studies have shown a role for guard cells in CO2 sensing [52, 55–58]. Yet 

other studies indicate that mesophyll cells play a key role by directly sensing CO2 [59, 60]. 

Presently it cannot be excluded that two pathways (mesophyll and guard cell) converge. 

Genetic evidence for CO2 insensitive mutants in both pathways is needed. We will review 

each pathway separately.

CO2 sensing in the mesophyll

Stomatal conductance was demonstrated to respond to intercellular [CO2] rather than 

external leaf surface [CO2] [4]. Based on results from experiments which showed that 

stomata in isolated epidermal tissues of Tradescantia pallida and Pisum sativum exhibited a 

limited response to CO2 and that mesophyll tissue enhanced the response, it has been 

proposed that the mesophyll tissue in leaves plays an important role in CO2 sensing [60, 61]. 

Studies revealed that an enhanced and reversible stomatal response to CO2 occurs when 

mesophyll tissues are placed upon an excised leaf epidermis [60]. Studies suggest that this 

CO2 response involves a diffusible substance (cite here refs 60 and 62: Mott et al Fujita et 

al)., Adding a polyethylene (diffusion disruption) barrier impairs mesophyll amplification of 

the stomatal response [62]. This result was proposed to show that mesophyll-derived signals 

could be small diffusible molecules in the aqueous phase [62]. While the precise nature of 

the mesophyll to stomata signal is unknown, possible candidates include: sucrose [53] or 

malate [63]. Abscisic acid (ABA) should also be considered as a possible diffusible small 

molecule, as ABA plays a synergistic role in the CO2 response [30, 33, 34, 64]. Notably, 

ABA was shown to amplify the CO2 response in Vicia faba guard cells which typically 

show a much more sluggish response to CO2 without the addition of ABA [65].
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Further research is needed to determine whether the level of the unknown mesophyll-

derived amplifying factor is itself regulated by CO2 concentration changes or whether such a 

factor is constitutively present, independent of CO2 and thus amplifies CO2 sensing 

mechanisms in guard cells. Identification of the mesophyll-derived signaling molecules is 

needed to elucidate the predicted CO2 signaling mechanisms. Isolation of genetic mutants 

that show CO2 insensitivity in regulation of stomatal movements and for which the 

underlying proteins function in mesophyll cells would also help advance an understanding 

of the underlying mechanisms.

Photosynthesis and CO2-controlled movements

Studies have proposed that leaf photosynthesis directly mediates stomatal function during 

CO2 regulation of stomatal movements [59, 60]. However, other studies suggest that these 

CO2 sensing mechanisms do not depend on leaf photosynthesis [52, 57, 66]. Altering the 

photosynthetic capacity via Rubisco antisense plant lines did not affect stomatal movement 

rates and conductance responses at ambient CO2 compared to the wild type [57, 66]. 

Norflurazon treated chlorophyll-less “albino” leaves showed functional CO2 regulation of 

stomatal movements [40, 52]. Studies with Phosphoenolpyruvate carboxylase (PEPC) 

antisense construct lines showed that in C4 plants, PEPC activity is required for stomatal 

aperture opening under high light fluxes and low Ci [67].

Photosynthesis can partake in red light-induced stomatal opening by the photosynthesis-

derived decrease in intercellular leaf space [CO2] (Ci) [68–70]. Similarly, increased 

intercellular [CO2] (Ci) in Xanthium strumarium leaves induces a decline of their stomatal 

conductance [59]. The slope of the stomatal conductance change was gradual until the 

transition of photosynthesis from Rubisco-limitation to electron transport-limitation, after 

which point the slope steeply declined with high values of Ci. A shift in the slope of 

stomatal conductance to intercellular [CO2] in concert with this type of photosynthesis 

limitation, was observed under different [O2] and light intensities thus implicating a role of 

photosynthesis in determining stomatal aperture [59]. However, when the calculated 

intercellular CO2 concentration was kept stable by adjusting ambient CO2, the majority of 

red light-induced stomatal opening was not dependent on mesophyll-induced reductions in 

intercellular CO2. Therefore this study also indicated a Ci-independent component of red 

light-induced stomatal opening. In addition, leaves treated with the photosystem II inhibitor 

DCMU still responded to CO2 [59]. Taken together, these studies point to the question 

whether red light-induced stomatal opening occurs via more than one pathway, with one 

pathway mediated by low Ci signaling. A recent genetic study of the High Temperature ht1 

mutant supports a model of a Ci-dependent and a Ci-independent component of red light-

induced stomatal opening [70]. Another recent study, showed that carbonic anhydrase 

ca1ca4 double mutant plants did not affect whole leaf assimilation rates at a wide range of 

Ci concentrations from < 50 to > 1200 ppm CO2 [51], further supporting the model that 

ca1ca4 mutant does not affect the CO2 response via impairing whole leaf photosynthesis.

The function of guard-cell photosynthesis in CO2-induced stomatal responses was 

genetically investigated by studying transgenic plants that lack chlorophyll specifically in 

guard cells [51]. Gas exchange analyses and stomatal movement analysis showed that CO2-
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induced stomatal closure is not directly mediated by guard-cell photosynthesis or electron 

transport. Interestingly, ~45% of the stomata in these lines showed a deflated “thin-shaped” 

stomatal morphology, suggesting a different but key role of guard cell photosynthesis in the 

energization and turgor production in guard cells. The role of photosynthesis in the direct 

response to CO2-mediated stomatal conductance regulation remains a subject of debate.

CO2 sensing in guard cells

Several studies have shown the ability of isolated guard cells to respond to environmental 

stimuli (and specifically [CO2] changes) suggesting that sensing and signaling pathway 

components for these reside in guard cells [40, 55, 56, 71–73]. One of the first reported 

instances is the classical work by J.D.B. Weyers and colleagues which showed that in 

response to changes in [CO2], isolated guard cell protoplasts swell and shrink [56, 73]. The 

presently identified genetic mutants that impair CO2 control of stomatal movements encode 

proteins which exert their function in guard cells including the carbonic anhydrases CA1, 

CA4 [40], the HT1 protein kinase [74], the SLAC1 anion channel [75, 76], the OST1 protein 

kinase [32, 77], the PATROL1 Munc13-like protein [78], the AtALMT12/QUAC1 R-type 

anion channel [79] and the RHC1 MATE transporter [43].

Role for protein kinases

Thermal imaging of plant leaves is a convenient way to predict their transpiration and 

stomatal conductance [80, 81]. The ht1 (high leaf temperature 1; ht1-1 and ht1-2) mutant 

was a first CO2 response mutant selected through a thermal imaging screen in Arabidopsis 

thaliana [74]. HT1 encodes a protein kinase, and ht1-1 mutation leads to decreased HT1 

kinase activity resulting in a reduced stomatal CO2 response. The ht1-2 mutant abolishes 

measureable HT1 kinase activity. Leaf stomata of ht1-2 mutant plants show a constitutively 

“high” CO2 response, resulting in a low stomatal conductance and thus elevated leaf 

temperature. Nonetheless, ht1-2 leaf stomata retain responses to blue light, fusicoccin and 

ABA. To date, at least five ht1 alleles have been isolated by the same strategy (Hashimoto-

Sugimoto, unpublished). HT1 may be a central negative regulator of stomatal high CO2 

signaling [74] (Figure 2A). The open stomata 1 (OST1) protein kinase is required for CO2-

induced stomatal closing [32]. A recent study has proposed that the HT1 protein kinase 

phosphorylates the OST1 protein kinase, thereby deactivating OST1 [43]. However, another 

study has found HT1 to be epistatic to OST1 in a high CO2-induced stomatal closing assay 

[70]. Further research is warranted to fully understand the roles of OST1 and HT1 in 

stomatal movement control.

Role for calcium

Calcium ions have been shown to act as guard cell second messengers in CO2 signal 

transduction in Commelina communis [72, 82] and Arabidopsis thaliana [58, 83]. An ABA-

insensitive mutant, gca2 (growth controlled by abscisic acid) shows a similar [Ca2+]cyt 

transient rate at low and elevated CO2, and exhibits a strongly attenuated stomatal closure in 

response to elevated CO2 in leaves [58]. The gca2 mutant also exhibits an altered ABA-

induced [Ca2+]cyt pattern in guard cells (Allen et al. 2001), suggesting GCA2 functions 

downstream of, or at the convergence point of CO2 and ABA signaling. Research suggests 
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that the increased Ca2+ spiking rate of gca2 mutant guard cells results from a more negative 

plasma membrane voltage in guard cells due to CO2 and ABA insensitivity [58]. Consistent 

with this model, more negative membrane potentials cause an increased Ca2+ spike rate in 

guard cells [84–86]. Cloning of the GCA2 gene may help us better understand the 

synergistic mechanisms in CO2 and ABA signal transduction.

Wildtype guard cells of the Arabidopsis thaliana accession Landsberg erecta show a 

dampening of the cytosolic Ca2+ transient rate in response to elevated CO2 and ABA [58, 

85], similar to Vicia faba and Commelina communis guard cells exposed to ABA [84, 87]. 

CO2 induced dampening in the Ca2+ transient rate was not as clearly resolved in guard cells 

of the Arabidopsis thaliana Columbia accession when compared to the Landsberg accession 

(Figure 2B). These findings may be linked to a weaker stomatal closing response in the 

Arabidopsis thaliana Columbia guard cells relative to those in the Landsberg erecta 

accession. The findings that guard cells show such “spontaneous” Ca2+ transients without 

ABA or CO2, but that CO2 signaling requires cytosolic Ca2+ led to formulation of a “Ca2+ 

sensitivity priming” hypothesis [58]. This model postulates that the stomatal closing stimuli, 

CO2 and ABA, enhance (prime) the Ca2+ sensitivity of stomatal closing mechanisms, as has 

been found for abscisic acid [86, 88] and for CO2/ HCO3
− activation of S-type anion 

channels in guard cells [32]. Initial molecular, genetic, biochemical and cellular mechanisms 

mediating stimulus-induced Ca2+ sensitivity priming have been identified for ABA signal 

transduction showing that type 2C protein phosphatases control the ABA-mediated Ca2+ 

signal specificity [89].

Role for intracellular membrane trafficking

Stomatal opening is initiated by the activation of H+-ATPases in the guard cell plasma 

membrane. Low [CO2] triggers a more negative plasma membrane voltage 

(hyperpolarization), and elevated [CO2] is likely to inhibit proton efflux by plasma 

membrane H+-ATPases [55]. However, investigation of a direct link between CO2 and H+-

ATPase regulation remains to be characterized. The Arabidopsis thaliana patrol1 mutant 

isolated in a thermal imaging screen, is impaired in stomatal opening in response to low 

[CO2] and light [78]. The PATROL1 gene encodes a protein with a MUN domain [90]. 

Munc13 has been reported to be involved in membrane trafficking of neurotransmitter 

release in animals, and the MUN domain is the minimal Munc13 region sufficient for the 

activity of Munc13-1 in synaptic vesicle priming [90]. This suggests a molecular role of 

PATROL1 in intracellular membrane traffic. PATROL1 is expressed throughout plant 

tissues including guard cells, and located in endosomes. Intriguingly, environmental 

conditions affect the intracellular distribution of the PATROL1 protein. The PATROL1 

protein is detected in close proximity to the plasma membrane of guard cells under stomatal 

opening conditions (well-watered plants and light), and is observed inside guard cells as 

numerous punctate structures under stomatal closure conditions (dark or desiccation). Loss 

of function mutation of patrol1 disturbs the normal plasma membrane targeting of the 

Arabidopsis thaliana H+-ATPase AHA1, but does not affect that of the S-type anion channel 

SLAC1, and the inward rectifying potassium channel KAT1 [78]. This indicates that 

PATROL1 is target-selective and it has been proposed to function in targeting or tethering 

the AHA1 H+-ATPase to the plasma membrane during stomatal opening. Over-expression 
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of PATROL1 in plants (PATROL1-OX) leads to a rapid and enhanced rise in stomatal 

conductance in response to low [CO2] or light, eventually resulting in higher CO2 

assimilation and increased biomass production than wild type plants [78]. Furthermore, 

PATROL1-OX plants show normal stomatal closure in response to high [CO2], darkness 

and desiccation. Whether the increased biomass of PATROL1-OX plants is solely due to 

stomatal conductance changes or additional roles in enhancing photosynthesis as well as 

cellular expansion will be interesting for future analyses

Plasma membrane regulators

Increased [CO2] has been shown to enhance anion channel activity in guard cells [40, 69, 

71, 91]. S-type anion channels in the plasma membrane of guard cells were proposed to 

provide a central control mechanism for stomatal closing [92]. Genetic evidence for this 

model was obtained in two studies. Thermography was used to isolate the Arabidopsis 

thaliana mutant cdi3 (carbon dioxide insensitive 3) that is impaired in CO2-dependent leaf 

temperature change [75]. The CDI3 protein is a distant homologue of bacterial and fungal 

C4-dicarboxylate transporters, and is localized specifically in the plasma membrane of guard 

cells. cdi3 guard cell protoplasts exhibited a higher content of K+, Cl− and Malate2− [75]. 

Parallel to this research, the characterization of the ozone signaling mutant rcd3 (radical 

induced cell death) in Arabidopsis thaliana revealed that rcd3Arabidopsis thaliana leaves 

are more sensitive to the ozone radical because stomatal closing is impaired in response to 

ozone, ABA, -, Ca2+ and CO2 [76]. The RCD3 gene was independently mapped to the same 

C4-dicarboxylate transporter homologous gene [76]. Patch clamp analyses of rcd3 mutant 

alleles showed that S-type anion channel currents were greatly impaired, whereas the R-type 

anion channel and Ca2+ channel currents were intact in mutant guard cells [76] providing 

genetic evidence for findings suggesting that S-type and R-type anion channels are distinct 

from one another [93]. These results supported the idea that CDI3/RCD3 encodes an 

essential anion transporting subunit of the Slow (S-type) anion channels in plants and was 

re-named SLAC1 [75, 76]. S-type anion channels in guard cells are activated by 

phosphorylation events [94, 95]. Electrophysiological experiments in Xenopus laevis 

oocytes demonstrated that in the presence of the protein kinase OST1 [77, 96], SLAC1 

generates S-type anion channel activity [97, 98]. These studies provided evidence that 

SLAC1 encodes an S-type anion channel, which is activated by OST1-mediated 

phosphorylation. Recent research has focused on the regulatory events that trigger anion 

channel activation. The calcium-dependent protein kinases CPK21 and CPK23 

phosphorylate and activate SLAC1 [99]. CPK6 with CPK3 was found to participate in the 

ABA- and Ca2+-dependent regulation of guard cell S-type anion channels and stomatal 

closure [100]. The functional reconstitution of ABA activation of SLAC1 was shown using 

either the CPK6 or OST1 protein kinases in Xenopus laevis oocytes [101].

Several regulators involved in the ABA-induced activation of SLAC1 have been identified. 

An example is the receptor-like kinase GHR1, which is mainly localized in the guard cell 

plasma membrane, and activates SLAC1 anion currents in Xenopus laevis oocytes [102]. 

However, the relative functions of the Ca2+-dependent and Ca2+-independent pathways, 

which are key for models of guard cell signaling in planta, remain unknown. It remains to 

be genetically dissected whether these two pathways function independently of one another. 
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Furthermore, the molecular mechanism by which CO2 activates S-type anion channel 

activity is a matter of present interest. OST1 is a positive regulator of CO2-induced stomatal 

closing and activation of the S-type anion channels in guard cells [32]. Tian et al. recently 

reported [43] that a MATE-type transporter, RHC1, is activated by bicarbonate and 

functions upstream of HT1, and furthermore that HT1 directly phosphorylates OST1 and 

inhibits OST1-induced activation of SLAC1 (Figure 2A).

Various mechanisms have been suggested that couple a rise in [CO2] to changes in the 

activity of plasma membrane ion channels. The apoplastic malate concentration rises from 

1.00 ± 0.60 to 3.10 ± 2.30 mM in response to high [CO2], which can activate R-type anion 

channels in guard cells [103]. This rise in malate may result from malate efflux from guard 

cells, as stomatal closing has been shown to be accompanied by malate efflux [104]. 

Furthermore, R-type anion channels mediate malate efflux [79, 105]. An alternative model 

has also been proposed in which CO2 causes malate release from mesophyll cells [103], but 

direct evidence or mechanisms for this alternate model have not yet been reported. The 

AtALMT12/QUAC1 gene was shown to encode the anion transporting activity of R-type 

anion channels in guard cells [79, 106]. AtALMT12/QUAC1, a member of the aluminum-

activated malate transporter family in Arabidopsis thaliana, is highly expressed in guard 

cells and is targeted to the plasma membrane. Plants lacking AtALMT12/QUAC1 are 

impaired in CO2-induced stomatal closure, as well as in ABA responses. 

Electrophysiological studies of loss-of-function mutant guard cells and Xenopus laevis 

oocytes expressing the protein revealed that AtALMT12/QUAC1 represents the malate-

sensitive R-type anion channel [79].

The ABC transporter AtABCB14, was suggested to encode a malate uptake transporter in 

the guard cell plasma membrane [107]. Plants lacking the AtABCB14 transporter were 

reported to show a slightly more rapid high CO2-induced stomatal closure in comparison to 

wild type controls. However, in isolated epidermal strips that contained guard cells, no 

difference in stomatal CO2 responses was observed between wild type and atabcb14 mutant. 

The authors suggested that AtABCB14 removes extracellular malate which is known to 

activate anion channels [103] and consequently, that part of the CO2 response is mediated by 

malate secreted into the apoplast. Recent research has also proposed a role for AtABCB14 in 

auxin transport [108]. Further research on AtABCB14 functions is needed to determine the 

range of transported substrates.

CO2 modulation of stomatal development

[CO2] regulates the development of stomata [6, 109, 110] and wild type Arabidopsis 

thaliana plants of the Columbia ecotype show a slight repression in stomatal development at 

elevated CO2 [111]. Responses of stomatal density to long-term CO2 doubling are varied in 

different accessions of Arabidopsis thaliana, however, the majority of plant species exhibit 

reduced stomatal development [7, 109]. The mechanisms by which CO2 levels can modulate 

stomatal development [112–118] are of interest given the continuing rise in atmospheric 

CO2 levels.
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Research has suggested that CO2 control of stomatal development is mediated by Ci in 

leaves [119]. A cell wall wax biosynthesis mutant, hic, was shown to disrupt this response 

and exhibited an inverted developmental response, with more stomata being produced at 

elevated CO2 in the hic mutant [120]. While the precise mechanism of action is unknown, 

HIC codes for a putative 3-keto acyl coenzyme A synthase which is involved in the 

synthesis of very-long-chain fatty acids. Interestingly, other genetic mutations which affect 

cell wall wax deposition in plants also show changes in stomatal development [120–123]. 

Presently unknown systemic signals which travel from mature to young leaves can function 

in CO2-mediated changes of stomatal density in emerging young leaves [124], and thus 

cuticular waxes may serve as candidates which affect the movement of diffusible signals. 

Recent research found that carbonic anhydrase mutant plants exhibit an inversion in their 

stomatal development response to elevated CO2, showing increased stomatal development at 

elevated [CO2] (500 ppm or 1000 ppm) compared to low [CO2] (150 ppm) grown plants 

[25]. These effects were observed in both cotyledons and mature rosette leaves [25]. The 

findings that elevated CO2 causes enhanced stomatal development in cotyledons of ca1ca4 

double mutant plants provides evidence that CO2 can also exert a developmental response 

without long distance leaf to leaf signaling [25]. The epidermal patterning factor gene EPF2 

[125, 126] has been shown to the bind the ERECTA receptor kinase [127–129]. The 

ERECTA receptor kinase [130, 131] and transgenic modulation of EPF2 expression [132] 

have also been shown to play roles in determining transpiration and water use efficiency of 

plants via regulation of stomatal index. Interestingly, epf2 mutant alleles also show an 

inverted stomatal development phenotype at elevated CO2 [25]. Activation of the EPF2-pro-

peptide requires EPF2 cleavage. Cell wall proteome analyses led to the identification of the 

CRSP protease which can cleave EPF2 in vitro and which is involved in EPF2 function in 

vivo. Mutations in the CA1 and CA4 carbonic anhydrases, EPF2 and CRSP genes show an 

inverted stomatal development response to elevated CO2 [25]. CAs are required for high 

CO2 upregulation of EPF2 and CRSP mRNAs based on qPCR analyses [25]. The 

mechanisms by which and whether carbonic anhydrases modulate EPF2 and CRSP activity 

remain to be determined. Several new questions emerge from this framework model (Figure 

3); chief among them are: (i) Is CO2 regulation of EPF2 and CRSP transcripts due to 

feedback modulation or is the CO2 response transcriptional and what are the transcriptional 

regulators mediating the elevated CO2 response? (ii) What are the downstream signaling 

components beyond the EPF2 peptide and ERECTA receptor? (iii) Analyses of CRSP 

protease insertion mutant alleles have led to the suggestion that additional proteases may act 

in the CO2 response [25] and hence, are there other proteases which cleave and activate 

EPF2? (iv) How is excess EPF2 degraded or sequestered? And (v) Why do the described 

mutants show an increase in stomatal density and index at elevated CO2 rather than a 

decrease?

While initial experiments have explored aspects of the effects of environmental stress on 

stomatal development [109, 118, 124, 133, 134], future genetic studies involving the specific 

effects of abiotic factors such as CO2, light, temperature and humidity [124, 133] will reveal 

if and how these signaling cascades overlap and interact. A recent study showed that ABA 

plays an important role in stomatal cell lineage specification [135] by regulating the 

initiation of stomatal development and inducing the expansion of epidermal pavement cells. 
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Another area of future research which appears promising is the response of plants at lower 

than ambient Ci that occurs in daylight [1]. The carbonic anhydrase mutants exhibit WT-like 

stomatal development at low CO2 [6, 25]. These findings point to the possibility of a 

separate mechanism regulating stomatal development at these lower than ambient CO2 

levels. One possibility is that other carbonic anhydrases may play key roles at these low CO2 

concentrations and remain to be identified. Alternatively, if the enzymatic activity of 

carbonic anhydrases transmits the developmental CO2 signal, it is plausible that at low 

[CO2] of 150 ppm, non-accelerated catalysis of CO2 to bicarbonate and protons may be 

sufficient for this CO2 response. The specific mechanisms of EPF2 peptide stability and 

abundance modulation are open questions and lend themselves to several avenues of future 

research which could target the precise timing of CO2-mediated stomatal developmental 

repression and the temporal scale of repressive inhibition.

Concluding remarks and future directions

The observed transcriptional response to a CO2 stimulus of hundreds of genes [25, 136], 

including photosynthesis-linked genes, indicates that unidentified mechanisms for 

transcriptional control exist in this pathway, as well as in CO2-regulated photosynthesis. 

Future research aimed at isolating these players could involve bioinformatic mining of 

published data on stomatal gene networks and guard cell responses to environmental triggers 

[25, 136–142]. Systems and network biology tools could be employed to probe 

transcriptomic and proteomic resources to identify not only putative transcription factors, 

but also identify candidate response elements of known transcriptional regulators of the 

stomatal development and movement pathways. Such candidates may also aid efforts in 

engineering plants that maximize stomatal conductance under well-watered conditions and 

more water use-efficient plants capable of adjusting to elevated CO2 in a more desirable 

fashion than present cultivars. Another area of future research is the need for studying the 

stomatal and physiological responses of plants to the atmospheric CO2 levels predicted to be 

present in the next decade [132, 143]. Results from such studies could assist breeders and 

biotechnological choices for plant and crop cultivars and germplasm better capable of 

adapting to those CO2 levels. As an example, experiments exploring natural variation in 

stomatal density [144] which impact plant water use and productivity, could be conducted. 

Along these lines, a recent comprehensive study on 374 Arabidopsis thaliana accessions 

[145] has unveiled a wealth and diversity in stomatal responses to the stimuli light and CO2 

in Arabidopsis thaliana. As a starting point, these varied responses (see Outstanding 

Questions Box) to the same stimulus may indicate a plethora of underlying mechanisms 

which mediate responses of plants to abiotic stress and the environment.

Acknowledgments

Work in our laboratories was supported by the National Science Foundation (MCB1414339) and in part the 
National Institutes of Health (GM060396-ES010337) to J.I.S. and by Grants-in-Aid for Scientific Research on 
Priority Ares (21114002 and 26221103) to K.I. and (15K18556) to J.N. from the Ministry of Education, Culture, 
Sports, Science, and Technology of Japan. T.A-S. received initial support from a postdoctoral fellowship from the 
US-Israel Binational Agricultural Research and Development Fund (BARD) and partial support from the UCSD 
FISP program.

Engineer et al. Page 12

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Hanstein S, de Beer D, Felle HH. Miniaturised carbon dioxide sensor designed for measurements 
within plant leaves. Sensors and Actuators B-Chemical. 2001; 81(1):107–114.

2. Keeling CD, et al. Atmospheric Carbon-Dioxide Variations at Mauna-Loa Observatory, Hawaii. 
Tellus. 1976; 28(6):538–551.

3. Neftel A, et al. Evidence from Polar Ice Cores for the Increase in Atmospheric Co2 in the Past 2 
Centuries. Nature. 1985; 315(6014):45–47.

4. Mott KA. Do Stomata Respond to CO2 Concentrations Other Than Intercellular. Plant Physiology. 
1988; 86(1):200–203. [PubMed: 16665866] 

5. Medlyn BE, et al. On the validation of models of forest CO2 exchange using eddy covariance data: 
some perils and pitfalls. Tree Physiol. 2005; 25(7):839–857. [PubMed: 15870053] 

6. Woodward FI. Stomatal numbers are sensitive to increases in CO2 from pre-industrial levels. 
Nature. 1987; 327(6123):617–618.

7. Mcelwain JC, Chaloner WG. Stomatal Density and Index of Fossil Plants Track Atmospheric 
Carbon-Dioxide in the Paleozoic. Annals of Botany. 1995; 76(4):389–395.

8. Chater C, Gray JE, Beerling DJ. Early evolutionary acquisition of stomatal control and development 
gene signalling networks. Current Opinion in Plant Biology. 2013; 16(5):638–646. [PubMed: 
23871687] 

9. Ferris R, Taylor G. Stomatal Characteristics of Four Native Herbs Following Exposure to Elevated 
CO2. Annals of Botany. 1994; 73(4):447–453.

10. Jordan GJ. A critical framework for the assessment of biological palaeoproxies: predicting past 
climate and levels of atmospheric CO2 from fossil leaves. New Phytologist. 2011; 192(1):29–44. 
[PubMed: 21770947] 

11. Keenan TF, et al. Increase in forest water-use efficiency as atmospheric carbon dioxide 
concentrations rise. Nature. 2013; 499(7458):324–327. [PubMed: 23842499] 

12. Long SP, Ort DR. More than taking the heat: crops and global change. Current Opinion in Plant 
Biology. 2010; 13(3):241–248. [PubMed: 20494611] 

13. Long SP, et al. Rising atmospheric carbon dioxide: Plants face the future. Annual Review of Plant 
Biology. 2004; 55:591–628.

14. Leakey AD, et al. Elevated CO2 effects on plant carbon, nitrogen, and water relations: six 
important lessons from FACE. J Exp Bot. 2009; 60(10):2859–2876. [PubMed: 19401412] 

15. Easlon HM, Bloom AJ. The effects of rising atmospheric carbon dioxide on shoot-root nitrogen 
and water signaling. Front Plant Sci. 2013; 4:304. [PubMed: 23983674] 

16. Wroblewitz S, et al. Effect of rising atmospheric carbon dioxide concentration on the protein 
composition of cereal grain. J Agric Food Chem. 2014; 62(28):6616–6625. [PubMed: 24976461] 

17. Weigel HJ. Plant quality declines as CO2 levels rise. Elife. 2014; 3:e03233. [PubMed: 24872506] 

18. Battisti DS, Naylor RL. Historical warnings of future food insecurity with unprecedented seasonal 
heat. Science. 2009; 323:240–244. [PubMed: 19131626] 

19. Lu ZM, et al. Stomatal conductance predicts yields in irrigated Pima cotton and bread wheat grown 
at high temperatures. Journal of Experimental Botany. 1998; 49:453–460.

20. Bahar B, Yildirim M, Barutcular C. Relationships between Stomatal Conductance and Yield 
Components in Spring Durum Wheat under Mediterranean Conditions. Notulae Botanicae Horti 
Agrobotanici Cluj-Napoca. 2009; 37(2):45–48.

21. Prashar A, et al. Infra-red Thermography for High Throughput Field Phenotyping in Solanum 
tuberosum. Plos One. 2013. 8(6

22. Mansfield TA, Hetherington AM, Atkinson CJ. Some Current Aspects of Stomatal Physiology. 
Annual Review of Plant Physiology and Plant Molecular Biology. 1990; 41(1):55–75.

23. Vavasseur A, Raghavendra AS. Guard cell metabolism and CO2 sensing. New Phytologist. 2005; 
165(3):665–682. [PubMed: 15720679] 

24. Assmann SM. From proton pump to proteome. Twenty-five years of research on ion transport in 
higher plants. Plant Physiol. 2001; 125(1):139–141. [PubMed: 11154317] 

Engineer et al. Page 13

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Engineer CB, et al. Carbonic anhydrases, EPF2 and a novel protease mediate CO control of 
stomatal development. Nature. 2014

26. Bishop KA, et al. Is there potential to adapt soybean (Glycine max Merr.) to future [CO2]? An 
analysis of the yield response of 18 genotypes in free-air CO2 enrichment. Plant, Cell & 
Environment. 2014 n/a-n/a. 

27. Bishop KA, Leakey ADB, Ainsworth EA. How seasonal temperature or water inputs affect the 
relative response of C3 crops to elevated [CO2]: a global analysis of open top chamber and free air 
CO2 enrichment studies. Food and Energy Security. 2014; 3(1):33–45.

28. Dow GJ, Bergmann DC. Patterning and processes: how stomatal development defines 
physiological potential. Current Opinion in Plant Biology. 2014; 21:67–74. [PubMed: 25058395] 

29. Franks PJ, et al. Sensitivity of plants to changing atmospheric CO2 concentration: from the 
geological past to the next century. New Phytologist. 2013; 197(4):1077–1094. [PubMed: 
23346950] 

30. Raschke K. Simultaneous requirement of carbon dioxide and abscisic acid for stomatal closing in 
Xanthium strumarium L. Planta. 1975; 125(3):243–259. [PubMed: 24435438] 

31. Leymarie J, Vavasseur A, Lasceve G. CO2 sensing in stomata of abi1-1 and abi2-1 mutants of 
Arabidopsis thaliana. Plant Physiology and Biochemistry. 1998; 36(7):539–543.

32. Xue S, et al. Central functions of bicarbonate in S-type anion channel activation and OST1 protein 
kinase in CO2 signal transduction in guard cell. EMBO J. 2011; 30(8):1645–1658. [PubMed: 
21423149] 

33. Merilo E, et al. PYR/RCAR receptors contribute to ozone-, reduced air humidity-, darkness-, and 
CO2-induced stomatal regulation. Plant Physiol. 2013; 162(3):1652–1668. [PubMed: 23703845] 

34. Webb AA, Hetherington AM. Convergence of the abscisic acid, CO2, and extracellular calcium 
signal transduction pathways in stomatal guard cells. Plant Physiol. 1997; 114(4):1557–1560. 
[PubMed: 9276963] 

35. Chater C, et al. Regulatory Mechanism Controlling Stomatal Behavior Conserved across 400 
Million Years of Land Plant Evolution. Current Biology. 2011; 21(12):1025–1029. [PubMed: 
21658944] 

36. Ruszala EM, et al. Land Plants Acquired Active Stomatal Control Early in Their Evolutionary 
History. Current Biology. 2011; 21(12):1030–1035. [PubMed: 21658945] 

37. Creese C, et al. Are fern stomatal responses to different stimuli coordinated? Testing responses to 
light, vapor pressure deficit, and CO2 for diverse species grown under contrasting irradiances. 
New Phytologist. 2014; 204(1):92–104. [PubMed: 25077933] 

38. Waadt R, et al. FRET-based reporters for the direct visualization of abscisic acid concentration 
changes and distribution in Arabidopsis. Elife. 2014; 3:e01739. [PubMed: 24737861] 

39. Jones AM, et al. Abscisic acid dynamics in roots detected with genetically encoded FRET sensors. 
Elife. 2014; 3:e01741. [PubMed: 24737862] 

40. Hu H, et al. Carbonic anhydrases are upstream regulators of CO2-controlled stomatal movements 
in guard cells. Nat Cell Biol. 2010; 12(1):87–93. [PubMed: 20010812] 

41. Moroney JV, Bartlett SG, Samuelsson G. Carbonic anhydrases in plants and algae. Plant Cell and 
Environment. 2001; 24(2):141–153.

42. Frommer WB. CO(2)mmon Sense. Science. 2010; 327(5963):275–276. [PubMed: 20075235] 

43. Tian W, et al. A molecular pathway for CO(2) response in Arabidopsis guard cells. Nat Commun. 
2015; 6:6057. [PubMed: 25599916] 

44. Chandrashekar J, et al. The taste of carbonation. Science. 2009; 326(5951):443–445. [PubMed: 
19833970] 

45. Chen YQ, et al. Soluble adenylyl cyclase as an evolutionarily conserved bicarbonate sensor. 
Science. 2000; 289(5479):625–628. [PubMed: 10915626] 

46. Klengel T, et al. Fungal adenylyl cyclase integrates CO2 sensing with cAMP signaling and 
virulence. Current Biology. 2005; 15(22):2021–2026. [PubMed: 16303561] 

47. Fabre N, et al. Characterization and expression analysis of genes encoding alpha and beta carbonic 
anhydrases in Arabidopsis. Plant Cell Environ. 2007; 30(5):617–629. [PubMed: 17407539] 

Engineer et al. Page 14

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48. Hu H, et al. Distinct Cellular Locations of Carbonic Anhydrases Mediate CO2 Control of Stomatal 
Movements. Plant Physiol. 2015

49. Chen W, Levine H, Rappel WJ. A mathematical analysis of second messenger 
compartmentalization. Phys Biol. 2008; 5(4):046006. [PubMed: 19075354] 

50. Somersalo E, et al. A reaction-diffusion model of CO2 influx into an oocyte. J Theor Biol. 2012; 
309:185–203. [PubMed: 22728674] 

51. Azoulay-Shemer T, et al. Guard cell photosynthesis is critical for stomatal turgor production, yet 
does not directly mediate CO2- and ABA-induced stomatal closing. The Plant Journal. 2015 n/a-
n/a. 

52. Roelfsema MR, et al. Guard cells in albino leaf patches do not respond to photosynthetically active 
radiation, but are sensitive to blue light, CO2 and abscisic acid. Plant Cell Environ. 2006; 29(8):
1595–1605. [PubMed: 16898020] 

53. Lawson T, et al. Mesophyll photosynthesis and guard cell metabolism impacts on stomatal 
behaviour. New Phytol. 2014; 203(4):1064–1081. [PubMed: 25077787] 

54. Lawson T. Guard cell photosynthesis and stomatal function. New Phytol. 2009; 181(1):13–34. 
[PubMed: 19076715] 

55. Edwards A, Bowling DJF. Evidence for a CO2 inhibited proton extrusion pump in the stomatal 
cells of Tradescantia virginiana. Journal of Experimental Botany. 1985; 36(162):91–98.

56. Weyers JDB, et al. Guard-Cell Protoplasts - Aspects of Work with an Important New Research 
Tool. Physiologia Plantarum. 1983; 58(3):331–339.

57. von Caemmerer S, et al. Stomatal conductance does not correlate with photosynthetic capacity in 
transgenic tobacco with reduced amounts of Rubisco. Journal of Experimental Botany. 2004; 
55(400):1157–1166. [PubMed: 15107451] 

58. Young JJ, et al. CO(2) signaling in guard cells: calcium sensitivity response modulation, a Ca(2+)-
independent phase, and CO(2) insensitivity of the gca2 mutant. Proc Natl Acad Sci U S A. 2006; 
103(19):7506–7511. [PubMed: 16651523] 

59. Messinger SM, Buckley TN, Mott KA. Evidence for involvement of photosynthetic processes in 
the stomatal response to CO2. Plant Physiol. 2006; 140(2):771–778. [PubMed: 16407445] 

60. Mott KA, Sibbernsen ED, Shope JC. The role of the mesophyll in stomatal responses to light and 
CO2. Plant Cell Environ. 2008; 31(9):1299–1306. [PubMed: 18541006] 

61. Mott KA. Opinion: stomatal responses to light and CO(2) depend on the mesophyll. Plant Cell 
Environ. 2009; 32(11):1479–1486. [PubMed: 19627565] 

62. Fujita T, Noguchi K, Terashima I. Apoplastic mesophyll signals induce rapid stomatal responses to 
CO2 in Commelina communis. New Phytol. 2013; 199(2):395–406. [PubMed: 23560389] 

63. Hedrich R, Marten I. Malate-induced feedback regulation of plasma membrane anion channels 
could provide a CO2 sensor to guard cells. EMBO J. 1993; 12(3):897–901. [PubMed: 7681395] 

64. Negi J, et al. New approaches to the biology of stomatal guard cells. Plant Cell Physiol. 2014; 
55(2):241–250. [PubMed: 24104052] 

65. Raschke K, Dittrich P. [(14)C]Carbon-dioxide fixation by isolated leaf epidermes with stomata 
closed or open. Planta. 1977; 134(1):69–75. [PubMed: 24419582] 

66. von Caemmerer S, et al. Reductions of Rubisco activase by antisense RNA in the C4 plant Flaveria 
bidentis reduces Rubisco carbamylation and leaf photosynthesis. Plant Physiol. 2005; 137(2):747–
755. [PubMed: 15665240] 

67. Cousins AB, et al. The role of phosphoenolpyruvate carboxylase during C4 photosynthetic isotope 
exchange and stomatal conductance. Plant Physiol. 2007; 145(3):1006–1017. [PubMed: 
17827274] 

68. Olsen JE, Junttila O. Far red end-of-day treatment restores wild type-like plant length in hybrid 
aspen overexpressing phytochrome A. Physiol Plant. 2002; 115(3):448–457. [PubMed: 12081538] 

69. Roelfsema MR, et al. CO2 provides an intermediate link in the red light response of guard cells. 
Plant J. 2002; 32(1):65–75. [PubMed: 12366801] 

70. Matrosova A, et al. The HT1 protein kinase is essential for red light-induced stomatal opening and 
genetically interacts with OST1 in red light and CO -induced stomatal movement responses. New 
Phytologist. 2015

Engineer et al. Page 15

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



71. Brearley J, Venis MA, Blatt MR. The effect of elevated CO2 concentrations on K+ and anion 
channels of Vicia faba L. guard cells. Planta. 1997; 203(2):145–154.

72. Webb AAA, et al. Carbon dioxide induces increases in guard cell cytosolic free calcium. Plant J. 
1996; 9(3):297–304.

73. Fitzsimons PJ, Weyers JDB. Separation and Purification of Protoplast Types from Commelina-
Communis L Leaf Epidermis. Journal of Experimental Botany. 1983; 34(138):55–66.

74. Hashimoto M, et al. Arabidopsis HT1 kinase controls stomatal movements in response to CO2. Nat 
Cell Biol. 2006; 8(4):391–397. [PubMed: 16518390] 

75. Negi J, et al. CO2 regulator SLAC1 and its homologues are essential for anion homeostasis in plant 
cells. Nature. 2008; 452(7186):483–486. [PubMed: 18305482] 

76. Vahisalu T, et al. SLAC1 is required for plant guard cell S-type anion channel function in stomatal 
signalling. Nature. 2008; 452(7186):487–491. [PubMed: 18305484] 

77. Mustilli AC, et al. Arabidopsis OST1 protein kinase mediates the regulation of stomatal aperture 
by abscisic acid and acts upstream of reactive oxygen species production. Plant Cell. 2002; 14(12):
3089–3099. [PubMed: 12468729] 

78. Hashimoto-Sugimoto M, et al. A Munc13-like protein in Arabidopsis mediates H(+)-ATPase 
translocation that is essential for stomatal responses. Nat Commun. 2013; 4:2215. [PubMed: 
23896897] 

79. Meyer S, et al. AtALMT12 represents an R-type anion channel required for stomatal movement in 
Arabidopsis guard cells. Plant J. 2010; 63(6):1054–1062. [PubMed: 20626656] 

80. Merlot S, et al. Use of infrared thermal imaging to isolate Arabidopsis mutants defective in 
stomatal regulation. Plant J. 2002; 30(5):601–609. [PubMed: 12047634] 

81. Raskin I, Ladyman JA. Isolation and characterization of a barley mutant with abscisic-acid-
insensitive stomata. Planta. 1988; 173(1):73–78. [PubMed: 24226182] 

82. Schwartz A, Ilan N, Grantz DA. Calcium Effects on Stomatal Movement in Commelina communis 
L. : Use of EGTA to Modulate Stomatal Response to Light, KCl and CO(2). Plant Physiol. 1988; 
87(3):583–587. [PubMed: 16666189] 

83. Hubbard KE, et al. Abscisic acid and CO2 signalling via calcium sensitivity priming in guard cells, 
new CDPK mutant phenotypes and a method for improved resolution of stomatal stimulus-
response analyses. Ann Bot. 2012; 109(1):5–17. [PubMed: 21994053] 

84. Grabov A, Blatt MR. Membrane voltage initiates Ca2+ waves and potentiates Ca2+ increases with 
abscisic acid in stomatal guard cells. Proc Natl Acad Sci U S A. 1998; 95(8):4778–4783. 
[PubMed: 9539815] 

85. Klusener B, et al. Convergence of calcium signaling pathways of pathogenic elicitors and abscisic 
acid in Arabidopsis guard cells. Plant Physiol. 2002; 130(4):2152–2163. [PubMed: 12481099] 

86. Siegel RS, et al. Calcium elevation-dependent and attenuated resting calcium-dependent abscisic 
acid induction of stomatal closure and abscisic acid-induced enhancement of calcium sensitivities 
of S-type anion and inward-rectifying K channels in Arabidopsis guard cells. Plant J. 2009; 59(2):
207–220. [PubMed: 19302418] 

87. Staxen I, et al. Abscisic acid induces oscillations in guard-cell cytosolic free calcium that involve 
phosphoinositide-specific phospholipase C. Proc Natl Acad Sci U S A. 1999; 96(4):1779–1784. 
[PubMed: 9990101] 

88. Chen ZH, et al. Dynamic regulation of guard cell anion channels by cytosolic free Ca2+ 
concentration and protein phosphorylation. Plant J. 2010; 61(5):816–825. [PubMed: 20015065] 

89. Brandt B, et al. Calcium specificity signaling mechanisms in abscisic acid signal transduction in 
Arabidopsis guard cells. Elife. 2015:4.

90. Basu J, et al. A minimal domain responsible for Munc13 activity. Nature Structural & Molecular 
Biology. 2005; 12(11):1017–1018.

91. Marten H, et al. Silencing of NtMPK4 impairs CO-induced stomatal closure, activation of anion 
channels and cytosolic Casignals in Nicotiana tabacum guard cells. Plant J. 2008; 55(4):698–708. 
[PubMed: 18452588] 

92. Schroeder JI, Hagiwara S. Cytosolic Calcium Regulates Ion Channels in the Plasma-Membrane of 
Vicia-Faba Guard-Cells. Nature. 1989; 338(6214):427–430.

Engineer et al. Page 16

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



93. Schroeder JI, Keller BU. Two types of anion channel currents in guard cells with distinct voltage 
regulation. Proc Natl Acad Sci U S A. 1992; 89(11):5025–5029. [PubMed: 1375754] 

94. Schmidt C, et al. Strong regulation of slow anion channels and abscisic acid signaling in guard 
cells by phosphorylation and dephosphorylation events. Proc Natl Acad Sci U S A. 1995; 92(21):
9535–9539. [PubMed: 11607582] 

95. Li J, et al. Regulation of abscisic acid-induced stomatal closure and anion channels by guard cell 
AAPK kinase. Science. 2000; 287(5451):300–303. [PubMed: 10634783] 

96. Yoshida R, et al. ABA-activated SnRK2 protein kinase is required for dehydration stress signaling 
in Arabidopsis. Plant Cell Physiol. 2002; 43(12):1473–1483. [PubMed: 12514244] 

97. Geiger D, et al. Activity of guard cell anion channel SLAC1 is controlled by drought-stress 
signaling kinase-phosphatase pair. Proc Natl Acad Sci U S A. 2009; 106(50):21425–21430. 
[PubMed: 19955405] 

98. Lee SC, et al. A protein kinase-phosphatase pair interacts with an ion channel to regulate ABA 
signaling in plant guard cells. Proc Natl Acad Sci U S A. 2009; 106(50):21419–21424. [PubMed: 
19955427] 

99. Geiger D, et al. Guard cell anion channel SLAC1 is regulated by CDPK protein kinases with 
distinct Ca2+ affinities. Proc Natl Acad Sci U S A. 2010; 107(17):8023–8028. [PubMed: 
20385816] 

100. Mori IC, et al. CDPKs CPK6 and CPK3 function in ABA regulation of guard cell S-type anion- 
and Ca(2+)-permeable channels and stomatal closure. PLoS Biol. 2006; 4(10):e327. [PubMed: 
17032064] 

101. Brandt B, et al. Reconstitution of abscisic acid activation of SLAC1 anion channel by CPK6 and 
OST1 kinases and branched ABI1 PP2C phosphatase action. Proc Natl Acad Sci U S A. 2012

102. Hua D, et al. A plasma membrane receptor kinase, GHR1, mediates abscisic acid- and hydrogen 
peroxide-regulated stomatal movement in Arabidopsis. Plant Cell. 2012; 24(6):2546–2561. 
[PubMed: 22730405] 

103. Hedrich R, et al. Malate-Sensitive Anion Channels Enable Guard-Cells to Sense Changes in the 
Ambient Co2 Concentration. Plant Journal. 1994; 6(5):741–748.

104. Van Kirk CA, Raschke K. Release of Malate from Epidermal Strips during Stomatal Closure. 
Plant Physiol. 1978; 61(3):474–475. [PubMed: 16660318] 

105. Keller BU, Hedrich R, Raschke K. Voltage-Dependent Anion Channels in the Plasma-Membrane 
of Guard-Cells. Nature. 1989; 341(6241):450–453.

106. Sasaki T, et al. Closing plant stomata requires a homolog of an aluminum-activated malate 
transporter. Plant Cell Physiol. 2010; 51(3):354–365. [PubMed: 20154005] 

107. Lee M, et al. The ABC transporter AtABCB14 is a malate importer and modulates stomatal 
response to CO2. Nat Cell Biol. 2008; 10(10):1217–1223. [PubMed: 18776898] 

108. Kaneda M, et al. ABC transporters coordinately expressed during lignification of Arabidopsis 
stems include a set of ABCBs associated with auxin transport. J Exp Bot. 2011; 62(6):2063–
2077. [PubMed: 21239383] 

109. Woodward FI. Potential impacts of global elevated CO(2) concentrations on plants. Curr Opin 
Plant Biol. 2002; 5(3):207–211. [PubMed: 11960737] 

110. Hetherington AM, Woodward FI. The role of stomata in sensing and driving environmental 
change. Nature. 2003; 424(6951):901–908. [PubMed: 12931178] 

111. Woodward FI, Kelly CK. The Influence of Co2 Concentration on Stomatal Density. New 
Phytologist. 1995; 131(3):311–327.

112. Abrash EB, Lampard GR. A view from the top: new ligands controlling stomatal development in 
Arabidopsis. New Phytol. 2010; 186(3):561–564. [PubMed: 20522161] 

113. Pillitteri LJ, Torii KU. Mechanisms of stomatal development. Annu Rev Plant Biol. 2012; 
63:591–614. [PubMed: 22404473] 

114. Nadeau JA, Sack FD. Control of stomatal distribution on the Arabidopsis leaf surface. Science. 
2002; 296(5573):1697–1700. [PubMed: 12040198] 

115. Bergmann DC, Lukowitz W, Somerville CR. Stomatal development and pattern controlled by a 
MAPKK kinase. Science. 2004; 304(5676):1494–1497. [PubMed: 15178800] 

Engineer et al. Page 17

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



116. Hara K, et al. The secretory peptide gene EPF1 enforces the stomatal one-cell-spacing rule. Genes 
Dev. 2007; 21(14):1720–1725. [PubMed: 17639078] 

117. MacAlister CA, Ohashi-Ito K, Bergmann DC. Transcription factor control of asymmetric cell 
divisions that establish the stomatal lineage. Nature. 2007; 445(7127):537–540. [PubMed: 
17183265] 

118. Gray JE. Plant development: three steps for stomata. Curr Biol. 2007; 17(6):R213–R215. 
[PubMed: 17371761] 

119. Santrucek J, et al. Stomatal and pavement cell density linked to leaf internal CO2 concentration. 
Annals of Botany. 2014; 114(2):191–202. [PubMed: 24825295] 

120. Gray JE, et al. The HIC signalling pathway links CO2 perception to stomatal development. 
Nature. 2000; 408(6813):713–716. [PubMed: 11130071] 

121. Aharoni A, et al. The SHINE clade of AP2 domain transcription factors activates wax 
biosynthesis, alters cuticle properties, and confers drought tolerance when overexpressed in 
Arabidopsis. Plant Cell. 2004; 16(9):2463–2480. [PubMed: 15319479] 

122. Jenks MA, et al. Leaf Epicuticular Waxes of the Eceriferum Mutants in Arabidopsis. Plant 
Physiology. 1995; 108(1):369–377. [PubMed: 12228482] 

123. Post-Beittenmiller D. The cloned Eceriferum genes of Arabidopsis and the corresponding Glossy 
genes in maize. Plant Physiology and Biochemistry. 1998; 36(1–2):157–166.

124. Lake JA, et al. Plant development. Signals from mature to new leaves. Nature. 2001; 411(6834):
154. [PubMed: 11346781] 

125. Hara K, et al. Epidermal cell density is autoregulated via a secretory peptide, EPIDERMAL 
PATTERNING FACTOR 2 in Arabidopsis leaves. Plant Cell Physiol. 2009; 50(6):1019–1031. 
[PubMed: 19435754] 

126. Hunt L, Gray JE. The signaling peptide EPF2 controls asymmetric cell divisions during stomatal 
development. Curr Biol. 2009; 19(10):864–869. [PubMed: 19398336] 

127. Torii KU, et al. The Arabidopsis ERECTA gene encodes a putative receptor protein kinase with 
extracellular leucine-rich repeats. Plant Cell. 1996; 8(4):735–746. [PubMed: 8624444] 

128. Lee JS, et al. Direct interaction of ligand-receptor pairs specifying stomatal patterning. Genes 
Dev. 2012; 26(2):126–136. [PubMed: 22241782] 

129. Lee JS, et al. Competitive binding of antagonistic peptides fine-tunes stomatal patterning. Nature. 
2015; 522(7557) 435-+ 

130. Masle J, Gilmore SR, Farquhar GD. The ERECTA gene regulates plant transpiration efficiency in 
Arabidopsis. Nature. 2005; 436(7052):866–870. [PubMed: 16007076] 

131. Shpak ED, et al. Stomatal patterning and differentiation by synergistic interactions of receptor 
kinases. Science. 2005; 309(5732):290–293. [PubMed: 16002616] 

132. Doheny-Adams T, et al. Genetic manipulation of stomatal density influences stomatal size, plant 
growth and tolerance to restricted water supply across a growth carbon dioxide gradient. Philos 
Trans R Soc Lond B Biol Sci. 2012; 367(1588):547–555. [PubMed: 22232766] 

133. Lake JA, Woodward FI. Response of stomatal numbers to CO2 and humidity: control by 
transpiration rate and abscisic acid. New Phytol. 2008; 179(2):397–404. [PubMed: 19086289] 

134. Dow GJ, Bergmann DC, Berry JA. An integrated model of stomatal development and leaf 
physiology. New Phytologist. 2014; 201(4):1218–1226. [PubMed: 24251982] 

135. Tanaka Y, et al. ABA inhibits entry into stomatal-lineage development in Arabidopsis leaves. 
Plant Journal. 2013; 74(3):448–457. [PubMed: 23373882] 

136. Coupe SA, et al. Systemic signalling of environmental cues in Arabidopsis leaves. J Exp Bot. 
2006; 57(2):329–341. [PubMed: 16330523] 

137. Leonhardt N, et al. Microarray expression analyses of Arabidopsis guard cells and isolation of a 
recessive abscisic acid hypersensitive protein phosphatase 2C mutant. Plant Cell. 2004; 16(3):
596–615. [PubMed: 14973164] 

138. Pillitteri LJ, et al. Molecular Profiling of Stomatal Meristemoids Reveals New Component of 
Asymmetric Cell Division and Commonalities among Stem Cell Populations in Arabidopsis. 
Plant Cell. 2011; 23(9):3260–3275. [PubMed: 21963668] 

Engineer et al. Page 18

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



139. Bauer H, et al. The stomatal response to reduced relative humidity requires guard cell-
autonomous ABA synthesis. Curr Biol. 2013; 23(1):53–57. [PubMed: 23219726] 

140. Pandey S, et al. Boolean modeling of transcriptome data reveals novel modes of heterotrimeric G-
protein action. Molecular Systems Biology. 2010:6.

141. Hachez C, et al. Differentiation of Arabidopsis guard cells: analysis of the networks incorporating 
the basic helix-loop-helix transcription factor, FAMA. Plant Physiol. 2011; 155(3):1458–1472. 
[PubMed: 21245191] 

142. Lau OS, et al. Direct roles of SPEECHLESS in the specification of stomatal self-renewing cells. 
Science. 2014; 345(6204):1605–1609. [PubMed: 25190717] 

143. Franks PJ, et al. Increasing water-use efficiency directly through genetic manipulation of stomatal 
density. New Phytologist. 2015 n/a-n/a. 

144. Woodward FI, Lake JA, Quick WP. Stomatal development and CO2: ecological consequences. 
New Phytologist. 2002; 153(3):477–484.

145. Takahashi S, et al. Natural variation in stomatal responses to environmental changes among 
Arabidopsis thaliana ecotypes. PLoS One. 2015; 10(2):e0117449. [PubMed: 25706630] 

146. Meure CM, et al. Law Dome CO2, CH4 and N2O ice core records extended to 2000 years BP. 
Geophysical Research Letters. 2006; 33(14)

147. Bergmann D. Stomatal development: from neighborly to global communication. Curr Opin Plant 
Biol. 2006; 9(5):478–483. [PubMed: 16890476] 

Engineer et al. Page 19

Trends Plant Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Outstanding questions box • Stomatal guard cells simultaneously perceive various cues 
from the environment, and are sensory organs that process this 
information in ways that most benefit the plant. Thus for 
sessile plants, stomata play key roles in avoiding and 
mitigating environmental and biotic stress. However, many 
aspects of the molecular mechanisms and network underlying 
stomatal function remain unknown. A few important questions 
in stomatal CO2 responses follow:

• How does the chloroplastic localization of carbonic anhydrase1 
in guard cells function in transducing the CO2 stimulus into 
stomatal movement responses?

• These recent findings suggest an important role for guard cell 
chloroplasts in CO2 signalling for stomatal movements, that 
however does not require guard cell photosynthesis. Hence, 
what are the underlying plastidial mechanisms which transmit 
the CO2 signal in guard cells and how do these converge with 
the cytosolic bicarbonate signaling branch?

• What are the guard cell bicarbonate sensors and what is the 
biochemical protein basis by which intracellular bicarbonate 
functions as a second messenger in guard cells?

• What is the mechanism by which mesophyll cells contribute to 
stomatal CO2 responses?

• What is the major CO2 responsive mechanism and what are the 
transcription factors involved in the CO2-regulated stomatal 
development response?

• When such necessary advanced information becomes available 
can we robustly manipulate stomatal gas exchange and plant 
responses to the continuing rise in atmospheric CO2 levels?

Trends box • Research on how plant guard cells, which form epidermal 
stomatal gas exchange valves, regulate the aperture of stomatal 
pores in response to changes in the carbon dioxide (CO2) 
concentration is of current interest given the necessity of 
selecting and developing crop cultivars which perform better in 
a shifting global climate. Understanding of the underlying CO2 
response mechanisms is also needed for predictive modelling 
efforts to better understand plant responses to rising 
atmospheric CO2 levels.

• Recent discoveries in guard cell CO2 and secondary messenger 
signalling, contributions of subcellular localization of the CO2 
binding carbonic anhydrases, interplay with the stress hormone 
abscisic acid and the role of photosynthesis in stomatal 
responses to the CO2 stimulus point to new models and new 
open questions in CO2 signal transduction.

• Elucidation of the molecular mechanisms controlling stomatal 
development and identification of initial mechanisms 
mediating elevated CO2 repression of stomatal development 
points to a signaling model and to new avenues for further 
research on this pathway.
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Figure 1. Change of leaf CO2 concentration (Ci) in response to light and darkness, atmospheric 
CO2 rise and stomatal gas exchange response to ambient [CO2] changes
(A) Effects of light on [CO2] (Ci) in the Vicia faba substomatal cavity at an external ambient 

[CO2] of 350 ppm. Sub-stomatal cavity carbon dioxide concentrations were measured with a 

potentiometric CO2-biosensor microprobe inserted into leaves through open stomata [1] 

(Reprinted with permission from Elsevier publishing group). (B) Carbon dioxide 

concentrations in the earth’s atmosphere [2, 146]. (Reprinted with permission from: https://

scripps.ucsd.edu/programs/keelingcurve/wp-content/plugins/sio-bluemoon/graphs/

co2_800k_zoom.png). (C–E) Effects of CO2 on gas exchange in carbonic anhydrase mutant 

leaves. Raw (C and E) and normalized (D) stomatal conductance values for ca1 and ca4 

single carbonic anhydrase mutants and wild type (WT). Individual ambient CO2 treatments 

were each 30 minutes in duration. 1 leaf from each of 3 separate plants per genotype were 

analyzed over a period of 3 weeks and averaged. Errors represent s.e.m.
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Figure 2. CO2 signaling pathway in stomatal movement regulation and putative convergence 
points with ABA signaling
(A) A simplified model for carbon dioxide and abscisic acid (ABA) signal transduction 

pathways in guard cells that mediate stomatal closure. The current model involves the 

enzymatic function of the carbonic anhydrases CA1 and CA4 with bicarbonate ions as 

intermediary signaling molecule. Downstream calcium, protein kinases, and ion channels are 

required for the stomatal closure response to CO2. Note that amplifying signals from the 

mesophyll [60, 62] are not shown here for simplicity (see text for details). Different pathway 

components are color-coded for ease of viewing: ABA genes = green; CO2 genes = brown; 

kinases = purple; channels = blue. Abbreviations: ABA = Abscisic acid; PYR/RCAR = 

ABA receptors; CO2 = carbon dioxide; CA = carbonic anhydrase; HCO3
− = bicarbonate Ca 

= calcium; ABI1 = protein phosphatase 2C. (B) The rate of cytosolic calcium transient 

production in guard cells of the Arabidopsis thaliana Col-0 ecotype are not significantly 

modulated by the CO2 concentration, in contrast to the Ler ecotype. Cytosolic calcium 

transients in guard cells pre-exposed to low CO2, switched to high CO2, then returned to 

low CO2, at the indicated concentrations. Buffer composition was 10 mM KCl/50 mM 

CaCl2/10 mM Mes·Tris, pH 6.15. Data are the means of n=27 guard cells ±SE.
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Figure 3. CO2 control of stomatal development
A current framework [25, 120] includes EPF2, CRSP, the carbonic anhydrases CA1 and 

CA4 and the cell wall wax biosynthesis mutant hic [120]. The secreted extracellular protease 

CRSP cleaves and activates EPF2, which is involved in extracellular communication 

resulting in a modulatory repression of stomatal development in response to elevated CO2. 

Experiments have shown that the ERECTA receptor kinase has specific EPF2 binding 

activity [128, 129]. Downstream signaling components include key stomatal fate 

transcriptional regulators (see: [113, 147]). Signaling components and mechanisms are 

indicated by question marks (see text for details). Abbreviations: CO2 = carbon dioxide; CA 

= carbonic anhydrase; CRSP = CO2-responsive secreted protease; EPF = epidermal 

patterning factor; HIC = high carbon dioxide mutant; HCO3
− = bicarbonate.
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