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INTRODUCTION                               

Plants are the primary producers i.e. by using solar energy and soil water they 
are capable to convert atmospheric carbon dioxide (CO2) into energy rich organic 
compounds and in the course of this release oxygen. Both organic compounds 
and oxygen are essential for human beings and other heterotrophs. Concent-
rations of atmospheric CO2 are increasing and this drives climate change that 
affects plant growth and agricultural food production. Therefore, it is important 
to study how plants deal with and adapt to the changing environment.  

Stomata are tiny pores in the epidermis of leaves which are surrounded by two 
specialized guard cells that control plant gas exchange with the surrounding envi-
ronment. Plants absorb CO2 from the atmosphere for photosynthesis and lose 
water through transpiration via stomata. Guard cells sense many environmental 
signals such as light, CO2, volatiles, pathogens, temperature, and humidity to 
adjust the stomatal aperture to balance the CO2 uptake and water loss by tran-
spiration. The opening and closing of stomatal pores are caused by a change in 
guard cell turgor pressure that is triggered by osmotically active ions entering or 
leaving the guard cell. This rapid and precise change in guard cell size is regu-
lated by complex molecular signaling pathways in the guard cells that include 
many protein kinases as well as plant hormones such as abscisic acid (ABA). 
Therefore, unlocking the molecular signaling pathways in the guard cells trig-
gered by different stimuli would help us to design and breed crops with good 
water use efficiency. 

The molecular mechanisms of plants CO2 sensing are not fully understood 
although many key components had been identified. This thesis studied mole-
cular mechanism of stomatal CO2 signaling and provides a model for CO2 sensing 
in guard cells.  
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1. REVIEW OF LITERATURE 

1.1 Ion transporters and channels in stomatal movements 

1.1.1 Ion inward during stomatal opening 

Guard cell plasma membrane H+ ATPases are integral to the process of stomatal 
opening (Kinoshita and Shimazaki, 1999). These proton pumps utilize ATP 
derived from photosynthetic activity, lipid droplet breakdown, and starch break-
down to generate an electrochemical gradient across the guard cell plasma 
membrane, activating voltage-gated inward rectifying K+ channels (Daloso et al., 
2016; McLachlan et al., 2016; Schroeder et al., 1987). Notably, the primary route 
for K+ influx during stomatal opening is through the voltage-gated K+ channel 
POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1 (KAT1) (Lebaudy 
et al., 2008; Nakamura et al., 1995; Pilot et al., 2001). Additionally, several H+ 
coupled symport channels have been identified, facilitating the transport of K+, 
Cl–, malate2–, and other solutes into guard cells (Jezek and Blatt, 2017). Once 
transported across the plasma membrane and into the cytoplasm, these ions are 
sequestered in the vacuole/tonoplast (Andrés et al., 2014; Eisenach and De 
Angeli, 2017), which constitutes most of the intracellular space in guard cells 
and undergoes significant size changes during stomatal movements (Gao et al., 
2005). While the mechanisms of ion transport across the tonoplast membrane are 
less understood, H+ coupled antiporters, such as CHLORIDE CHANNEL (CLC), 
NA+/H+ EXCHANGER (NHX), and ALUMINIUM-ACTIVATED MALATE 
TRANSPORTER (ALMT) family members, are known to play crucial roles in 
facilitating solute/ion transport into the tonoplast during stomatal opening (Eise-
nach and De Angeli, 2017). 
   

1.1.2 Ion outward during stomatal closure 

Stomatal closure is extensively studied in response to the plant hormone abscisic 
acid (ABA), yet various closure signals seem to converge on similar downstream 
targets (Jezek and Blatt, 2017). Early closure events involve alterations in the 
voltage sensitivities of Ca2+ channels, leading to an influx of Ca2+ from both 
extracellular and endomembrane stores (Grabov and Blatt, 1998). Subsequently, 
activated signaling pathways and elevated cytoplasmic Ca2+ levels collaborate 
to inhibit the activity of plasma membrane H+ ATPases (Merlot et al., 2007) and 
inward-rectifying K+ channels (KAT1) (Grabov and Blatt, 1997; Grabov and 
Blatt, 1999). Additionally, they activate outward-rectifying anion channels, such 
as SLOW ANION CHANNEL-ASSOCIATED (SLAC) and ALMT family mem-
bers, causing an efflux of anions (Geiger et al., 2009; Grabov et al., 1997; Meyer 
et al., 2010; Schmidt et al., 1995). This efflux of anions leads to the depolariza-
tion of the guard cell membrane, further activating the outward- rectifying K+ 
channel GATED OUTWARDLY RECTIFYING K+ CHANNEL (GORK) (Blatt, 
1990; Blatt and Armstrong, 1993; Suhita et al., 2004). Although the events on 
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the plasma membrane are relatively well-understood, our knowledge of the pro-
cesses on the tonoplast membrane remains limited. The mechanisms of Ca2+ 
efflux from the tonoplast are not entirely clear, and one channel, TWO PORE 
CHANNEL 1 (TPC1), has been identified with the capability to transport Ca2+ 
into the cytoplasm. However, its recorded stomatal closing phenotype is re-
stricted to an inability to respond to extracellular Ca2+ (Islam et al., 2010; Peiter, 
2011; Ranf et al., 2007). During closure, the tonoplast undergoes acidification, a 
process mediated by vacuolar proton pumps on the tonoplast membrane (Bak 
et al., 2013). TWO PORE K+ CHANNEL 1 (TPK1) has been shown to be acti-
vated by increased cytoplasmic Ca2+ concentrations and signaling cascades, 
playing a role in tonoplast K+ release during stomatal closure (Gobert et al., 
2007; Latz et al., 2007; Latz et al., 2013). Additionally, channels such as CLC, 
NHX, and ALMT on the tonoplast membrane have been associated with the 
release of ions from the tonoplast (Eisenach and De Angeli, 2017). 
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Figure 1. Guard cells response to diverse stimuli that induce the opening or closing of 
stomata. Stomatal opening results from the efflux of protons and the influx of cations, 
anions, and water (upper). Conversely, the influx of Ca2+ and the release of cations, 
anions, and water contribute to stomatal closure (lower). 
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1.2 Stomatal ABA signaling in guard cells 

1.2.1 Abscisic acid 

Abscisic acid (ABA), a multifunctional plant hormone, was initially extracted 
from cotton fruit (Ohkuma et al., 1963) and named so due to its association with 
abscission induction. ABA is classified as a sesquiterpenoid, belonging to the 
isoprenoid or terpenoid class of organic compounds (Nambara and Marion-Poll, 
2005). As one of the crucial phytohormones, ABA plays a significant role in regu-
lating plant growth, development, and orchestrating defensive responses against 
abiotic stresses, such as drought, cold, and salinity (Cutler et al., 2010). The bio-
synthesis of ABA occurs de novo, starting from C40 carotenoids that stem from 
isopentenyl pyrophosphate synthesized within plastids through the 2-C-methyl- 
D-erythritol-4-phosphate (MEP) pathway (Nambara and Marion-Poll, 2005). 
While vascular tissues are likely the primary sites of ABA biosynthesis, it can 
also be synthesized in guard cells, where it, along with transported ABA, trig-
gers downstream signaling pathways culminating in stomatal closure (Nambara 
and Marion-Poll, 2005). The level of endogenous ABA is governed by a delicate 
balance between biosynthesis and catabolism, as well as the rate of transport to 
its target sites. ABA can be biologically inactivated either through hydroxy-
lation and subsequent catabolic pathways or by conjugation with glucose (Nam-
bara and Marion-Poll, 2005; Okamoto et al., 2008) 
 

1.2.2 ABA signaling pathway 

The discovery of ABA receptors was a breakthrough in plant biology. A family 
of 14 cytoplasmic proteins known as PYRABACTIN LIKE (PYL) or REGU-
LATORY COMPONENT OF ABA RECEPTOR (RCAR) proteins unveiled a 
critical role in ABA sensing and defined a mechanism how plants respond to 
abiotic stresses (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009). The 
fundamental characteristics of the ABA signaling pathway are as follows: upon 
ABA binding, the PYL/RCAR receptors undergo conformational changes, facili-
tating their interaction with a group of phosphatases called PROTEIN PHOS-
PHATASE 2C (PP2C). This interaction inhibits the PP2C phosphatase activity, 
thus preventing them from inhibiting a set of kinases known as SNF1- RELA-
TED PROTEIN KINASE 2 (SnRK2), including SnRK2.6/OPEN STOMATA 1 
(OST1) (Umezawa et al., 2009). 

Intriguingly, SnRK2 kinases have been found to target not only ion channels 
but also transcription factors, primarily the ABA INSENSITIVE 5 (ABI5)/ABA 
RESPONSIVE ELEMENT BINDING PROTEIN (AREB)/ABRE BINDING 
FACTOR (ABF) family of transcription factors, resulting in altered gene expres-
sion (Bensmihen et al., 2005; Yoshida et al., 2010). 

In Arabidopsis, there are 48 Raf (Rapidly accelerated fibrosarcoma)-like 
protein kinases, which can be further divided into different groups based on 
their sequence homology (Ichimura et al., 2002; Jonak et al., 2002). Arabidopsis 
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B-group Raf-like kinases play crucial roles in osmotic stress (Lozano-Juste et al., 
2020). It has been shown that the interaction between SnRK2 and B-group RAFs, 
resulting in the activation of both ABA-independent and ABA-dependent SnRK2s 
(Katsuta al., 2020; Lin et al., 2020; Lin et al., 2021; Takahashi et al., 2020; Wang 
et. al., 2023). For example, a recent proteomic study showed that RAF15(B-group) 
and RAF19/HT1(C-group) can directly phosphorylate OST1 (Wang et. al., 2023). 
In this scenario, RAFs serve as upstream kinases that activate SnRK2s. Hence, 
B-group RAFs positively modulate SnRK2s through phosphorylation (Lozano- 
Juste et al., 2020). 

Recently, C-group RAFs were shown to act as inhibitors of ABA-activated 
SnRK2s under normal growth conditions. However, under stress conditions, these 
RAFs serve as substrates for SnRK2s, leading to their degradation promoted by 
SnRK2-dependent phosphorylation (Kamiyama et al., 2021; Sun et al., 2022). 
In osmotic stress response, two C-group RAFs, RAF22 and RAF36 were demon-
strated to inhibit the activity of ABA-responsive SnRK2s (Kamiyama et al., 2021; 
Sun et al., 2022). 

Recently, in ABA signaling, a three-component network involving RAF22, 
ABI1, and OST1 was proposed (Sun et al., 2022). The reciprocal interaction 
between RAF22 and ABI1 triggers activation of both proteins. Phosphorylation 
of ABI1 by RAF22 enhances its phosphatase activity, leading to inhibition of 
OST1 and ABA signaling, while ABI1-mediated dephosphorylation of RAF22 
boosts the kinase activity of RAF22 (Sun et al., 2022). OST1, in turn, phospho-
rylates RAF22, inhibiting its kinase activity and consequently activating ABA 
signaling (Sun et al., 2022).  

 
 

1.3 CO2 signaling in guard cells 

1.3.1 Elevated CO2-induced stomatal closure 

Plants close stomata in response to elevated levels of CO2. During stomatal 
closure, ß carbonic anhydrases (ßCAs) play a crucial role in the initial stages of 
CO2 signaling (Hu et al., 2010). When CO2 levels are high, ßCAs facilitate the 
production of bicarbonate ions (HCO3

–), which were suggested to be sensed by 
the MATE-type transporter RESISTANT TO HIGH CO2 1 (RHC1). Elevated 
HCO3

– concentration induces a conformational change in RHC1, allowing it to 
bind and inhibit the HIGH LEAF TEMPERATURE 1 (HT1) kinase (Tian et al., 
2015). Nevertheless, the expression of RHC1 alone in oocytes also led to ion 
currents that were independent of bicarbonate (Wang et al., 2016). Therefore, 
further investigation is needed to understand the role of RHC1 as a potential 
bicarbonate sensor.  

Additionally, Mitogen-activated Protein KINASE 4 (MPK4) and MAP 
KINASE 12 (MPK12) are also thought to inhibit HT1 under elevated CO2 con-
ditions (Hõrak et al., 2016). Due to their central roles in the guard cell CO2 
signaling and being the main subjects of this thesis, the Raf-like kinases, which 
include the HT1, and the MPKs are described further in the later sections. HT1 
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kinase acts as a negative regulator of CO2 signaling. Under high CO2 conditions, 
inhibition of HT1 releases OPEN STOMATA 1 (OST1) and GUARD-CELL 
HYDROGEN PEROXIDE RESISTANT 1 (GHR1) to promote stomatal closure 
through activation of SLAC1 and ALUMINUM-ACTIVATED MALATE 
TRANSPORTER 12 (ALMT12) ion channels (Hashimoto et al., 2006; Meyer 
et al., 2010; Vahisalu et al., 2008). Similar to ABA-induced stomatal closure, 
Ca2+ also plays a significant role in CO2-induced stomatal movements (Webb 
et al., 1996). Plants carrying mutations in high-order calcium-dependent protein 
kinases (CPKs) have been found to influence the speed of both elevated 
CO2-induced closure and low CO2-induced opening, suggesting functionally re-
dundant roles for CPKs in CO2-induced stomatal movements (Schulze et al., 
2020). 

The closure of stomata requires the efflux of K+ from guard-cell vacuoles 
through vacuolar K+ channels, which are encoded by TPK genes. A recent investi-
gation unveiled a protein kinase called KINASE7 (KIN7) responsible for acti-
vating the guard-cell vacuolar K+ channel associated with TPK1 (Isner et al., 
2018). Mutant forms of kin7 show disruptions in both abscisic acid and CO2- 
induced stomatal closure, implying a shared mechanism between the CO2 and 
abscisic acid signaling pathways. Notably, KIN7 was observed to traffic from 
the plasma membrane to the tonoplast (vacuolar) membrane, indicating a 
potential mechanism for CO2-mediated regulation of ion fluxes across the 
vacuolar membrane during stomatal movements (Isner et al., 2018). 

Apart from the proposed RHC1-mediated inhibition of HT1, studies have 
indicated that ABA signaling upstream of OST1 is also necessary for elevated 
CO2-induced stomatal closure. Mutants with alterations in ABA biosynthesis 
genes (nced3/5), ABA receptor genes (pyr1pyl1pyl2pyl4), PP2C phosphatase 
genes (abi1, abi2), and genes involved in ROS production (rbohd/f) display 
defective stomatal closure in response to elevated CO2 (Chater et al., 2015; 
Webb and Hetherington, 1997). Additionally, the ABA catabolism mutant cyto-
chrome p450 family 707 a1/3 (cyp707a1/3) exhibits a hypersensitive response 
to CO2-induced stomatal closure (Movahedi et al., 2021). Notably, recent 
findings demonstrate that expression of the ABA receptor PYL4 or PYL5 is 
adequate to rescue elevated CO2-induced stomatal closure in higher order ABA 
receptor mutants (pyr1pyl2pyl4pyl5pyl8) (Dittrich et al., 2019). 

Beyond its central role in ABA signaling, OST1 also participates in CO2 sig-
nal transduction within guard cells (Xue et al., 2011). Notably, ost1 mutants dis-
played impaired CO2-induced stomatal closure and HCO3

–/CO2-induced S-type 
anion current activation (Xue et al., 2011). Furthermore, it was proposed that 
HT1-mediated phosphorylation inhibited OST1's kinase activity, thereby 
preventing SLAC1 activation by OST1 (Tian et al., 2015). 

Leucine-rich repeat receptor-like pseudokinase GUARD-CELL HYDRO-
GEN PEROXIDE RESISTANT 1 (GHR1) has been demonstrated to play a 
crucial role in ABA-induced stomatal movements (Hua et al., 2012). GHR1 
activated S‐type anion channel SLAC1 in X. laevis oocytes, which is inde-
pendent of its kinase activity (Hua et al., 2012; Sierla et al., 2018). In addition 
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to impaired response to ABA, ghr1 mutants also displayed an insensitive re-
sponse to elevated CO2 (Sierla et al., 2018). ghr1 slac1 double mutants showed 
similar water loss rate to slac1 single mutants, indicating that GHR1 acts up-
stream of SLAC1 (Hua et al., 2012). A very recent study showed that maize 
ortholog of GHR1, PAN2, plays a crucial role in regulating both subsidiary cell 
development and stomatal closure. Due to the abnormally shaped subsidiary 
cells, pan2 mutants showed an impaired response to elevated CO2 (Liu et al., 
2024). Moreover, the GHR1 ortholog from rice can restore ghr1 mutant pheno-
type (Hua et al., 2012). This suggests that in maize PAN2 might play similar 
functions as GHR1 to regulate stomatal movements by activating SLAC1. 

A recent discovery for studying high CO2-mediated stomatal closure and 
stomatal development was made by using infrared thermal imaging (He et al., 
2018). This study identified a single point mutation in the BIG gene, which re-
sulted in a partially reduced response to elevated CO2, leading to diminished 
stomatal closure and the activation of S-type anion channels. Additionally, BIG 
was found to be essential for reducing stomatal density in response to elevated 
CO2 (He et al., 2018). Intriguingly, BIG doesn't play a role in inhibiting stomatal 
opening when CO2 is low. These findings point toward BIG as a critical sig-
naling component that distinguishes between low CO2-induced stomatal 
opening and the stomatal closure induced by high CO2 (He et al., 2018). 
 

1.3.2 Reduced CO2-induced stomatal opening 

Stomatal opening is triggered by various environmental factors, including light, 
low CO2 concentration, and increased air humidity. A critical factor for effective 
stomatal opening is the activation of the plasma membrane H+ ATPase OPEN 
STOMATA 2 (OST2/AHA1) (Assmann et al., 1985; Merlot et al., 2007), which 
leads to proton efflux, membrane hyperpolarization, and subsequent activation 
of voltage-dependent K+ uptake channels, including KAT1 and KAT2 (Pilot 
et al., 2001; Schachtman et al., 1992). Additionally, guard cells import nitrate 
ions through the NITRATE TRANSPORTER 1.1 (NRT1.1), causing ion flux 
and resulting in water influx and increased turgor pressure, ultimately leading to 
stomatal opening (Guo et al., 2003). 

Despite the extensive knowledge about stomatal closure mechanisms, the 
molecular processes governing stomatal opening are less well understood. Only 
a limited number of mutants with impaired low CO2-induced stomatal opening 
have been identified so far. For instance, plants lacking PROTON ATPase 
TRANSLOCATION CONTROL 1 (PATROL), a protein responsible for regu-
lating the translocation of H+ ATPase OST2/AHA1 in the plasma membrane, 
exhibit impaired low CO2-induced stomatal opening (Hashimoto-Sugimoto 
et al., 2013). Additionally, in plants lacking the nitrate transporter NRT1.1, low 
CO2-induced stomatal opening in darkness occurs at a slower rate compared to 
the wild type (Guo et al., 2003). Furthermore, plants deficient in HT1 show 
impairments in both low CO2-induced stomatal opening and high CO2-induced 
stomatal closure (Hashimoto et al., 2006). Similarly, plants deficient in the car-
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bonic anhydrases βCA1 and βCA4 also display significant impairments in low 
CO2-induced stomatal opening (Hu et al., 2010). However, the exact roles of 
these components in the signal transduction pathway that leads to H+ ATPase 
activation and stomatal opening in response to a decrease in CO2 concentration 
are currently unknown. 

 

1.3.3 Important Raf-like protein kinases in CO2 signaling 
within guard cells 

HIGH LEAF TEMPERATURE1 (HT1), a gene predominantly expressed in guard 
cells, encodes a Ca2+-independent Ser/Thr kinase that relies on Mg2+ for its func-
tionality (Hashimoto et al., 2006; Hashimoto-Sugimoto et al., 2016). This plasma 
membrane-associated HT1 kinase, resembling a Raf-like Group C MAPKKK 
(Ichimura et al., 2002), has been identified as having a specific role in CO2 re-
sponses within guard cells (; Hashimoto et al., 2006; Hashimoto-Sugimoto et al., 
2016; Hõrak et al., 2016). Both recessive ht1-2 and dominant ht1-3/ht1-8D 
mutants demonstrated disrupted responses to varying CO2, while maintaining 
normal ABA responsiveness (Hashimoto et al., 2006; Hashimoto-Sugimoto et al., 
2016; Hõrak et al., 2016). The ht1-2 mutant carried a deletion within the kinase 
domain, leading to a loss of HT1 kinase activity. Consequently, these plants 
exhibited constitutively high CO2 responses (Hashimoto et al., 2006). Con-
versely, the dominant ht1-3 and ht1-8D mutants, characterized by widely open 
stomata, harbored the R102K and A109V mutation, respectively, in the non- 
conserved region (Hashimoto-Sugimoto et al., 2016; Hõrak et al., 2016). These 
mutations minimally impacted kinase activity but were postulated to influence 
HT1’s target interactions (Hashimoto-Sugimoto et al., 2016; Hõrak et al., 2016).  

Epistasis analyzes indicated HT1's dominance over ßCA1 and ßCA4, as 
evident in the constitutive high CO2 response of the ca1ca4ht1-2 triple mutant 
(Hu et al., 2010). Similarly, ost1-3ht1-2 double mutants exhibited comparable 
constitutive high CO2 responses, highlighting HT1's epistatic relationship with 
OST1 (Matrosova et al., 2015). 

HT1’s involvement extends beyond CO2 responses, potentially affecting 
light-induced stomatal opening (Hashimoto et al., 2006; Matrosova et al., 2015). 
Notably, ht1-2 mutants displayed impaired red light-induced stomatal opening, 
while retaining responsiveness to blue light (Hashimoto et al., 2006; Matrosova 
et al., 2015). 

Additionally, CONVERGENCE OF BLUE LIGHT AND CO2 1 (CBC1) and 
CBC2, also belonging to Raf-like kinases, interacted with HT1 and were phos-
phorylated by HT1 (Hiyama et al., 2017). Loss-of-function cbc1 cbc2 double 
mutants exhibited constitutively closed stomata unresponsive to CO2 or blue 
light, yet retained a normal ABA response (Hiyama et al., 2017). The suggested 
role of CBCs involved integrating signals from blue light and low CO2 to induce 
stomatal opening, potentially through S-type anion channel inhibition, either 
directly or indirectly via kinase and phosphatase activity (Hiyama et al., 2017). 
The downstream components of CBC1 and CBC2 remain to be identified.



18 

1.4 Mitogen-activated protein kinases in plants 

1.4.1 MAPK cascade  

MAPK cascades are present in all eukaryotic cells and consist of ubiquitous sig-
naling mechanisms. MAPK cascades are essential for several functions in plants, 
including hormonal regulation, pathogen defense and developmental processes 
(Lee et al.,2016). Approximately 10% of plant kinases are believed to partici-
pate in MAPK signaling pathways (Colcombet and Hirt, 2008). MAPK cas-
cades consist of at least three types of kinases: mitogen-activated protein kinase 
kinase kinases (MAPKKKs, also termed MAP3Ks or MEKKs), mitogen-acti-
vated protein kinase kinases (MKKs, also termed as MAP2Ks or MEKs), and 
MAPKs (or MPKs). These proteins show a high degree of conservation across 
all eukaryotic cells (Colcombet and Hirt, 2008; Ichimura et al., 2002). The 
initial step in signal transduction involves the activation of MAPKKKs upon 
stimulation of plasma membrane receptors (Colcombet and Hirt, 2008; Ichi-
mura et al., 2002). Then MAP3Ks phosphorylate two amino acid residues of 
downstream MAP2Ks at a conserved Ser/Thr-X5-Ser/Thr motif (X represents 
any amino acid residue) of the MAP2K activation loop (Colcombet and Hirt, 
2008; Ichimura et al., 2002). After activation, the MAP2ks phosphorylate 
MAPKs on the threonine and tyrosine residues within the Thr-X-Tyr motif of 
activation loops (Colcombet and Hirt, 2008; Ichimura et al., 2002). Sub-
sequently, phosphorylated MAPKs forward these signals to the effector proteins 
in the cytoplasm or nucleus, including transcription factors or other kinases, 
thereby modulating their functional activity, turnover, and localization (Col-
combet and Hirt, 2008; Ichimura et al., 2002). These phosphorylation events are 
termed MAPK cascades. 
 

1.4.2 MPK4 and MPK12 in guard cell signaling 

Arabidopsis MPK4 exhibits a broad expression pattern in various plant tissues, 
with particularly high expression levels in guard cells. MPK4 was identified for 
its role in negatively regulating plant defense responses against pathogens 
(Petersen et al., 2000). Loss of MPK4 activity resulted in constitutive activation 
of defense responses, characterized by elevated salicylic acid (SA) levels, in-
creased resistance to virulent pathogens, and upregulated expression of patho-
genesis-related (PR) genes (Brodersen et al., 2006; Petersen et al., 2000). The 
involvement of MPK4 in plant pathogen defenses was later investigated (Gao 
et al., 2008; Qiu et al., 2008). However, while exploring the function of MPK4 
in plant immunity, it was found that its role was likely not linked to the regula-
tion of stomatal closure, as mpk4-2 lines expressing a constitutively active MPK4 
exhibited wild-type-like stomatal responses to pathogens (Berriri et al., 2012). 

In Nicotiana tabacum, NtMPK4, which shares close orthology with Arabi-
dopsis MPK4 and MPK12, along with its homologue NtMPK4L(MPK4-like), 
has been proposed to play a role in regulating stomatal movements (Gomi et al., 
2005; Marten et al., 2008; Yanagawa et al., 2016). Silencing of either NtMPK4 
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or NtMPK4L in N. tabacum plants resulted in enlarged guard cell size and wider 
stomatal aperture (Gomi et al., 2005; Marten et al., 2008; Yanagawa et al., 
2016). Furthermore, NtMPK4- and NtMPK4L-silenced plants exhibited reduced 
stomatal closure in response to ozone exposure (Gomi et al., 2005; Yanagawa 
et al., 2016). In addition to these findings, silencing of NtMPK4 impaired sto-
matal responses to elevated CO2, while ABA sensitivity remained unaffected 
(Gomi et al., 2005; Marten et al., 2008). It was observed that darkness failed to 
activate plasma membrane S-type anion channels in NtMPK4-silenced guard 
cells, indicating that NtMPK4 is also essential for darkness-induced stomatal 
closure (Marten et al., 2008). 

Two Arabidopsis MAPKs, MPK9 and MPK12, display significant and pre-
ferential expression in guard cells, suggesting potential roles in the regulation of 
stomatal movements (Jammes et al., 2009). However, single mutants mpk9-1 
and mpk12-1 did not exhibit any discernible alterations in stomatal movements 
in response to ABA (Jammes et al., 2009). Interestingly, mutations in both 
MPK9 and MPK12 led to increased transpirational water loss and significantly 
impaired ABA-induced inhibition of stomatal opening (Jammes et al., 2009). 
Furthermore, plants carrying G53R mutation in MPK12 or deletion of MPK12 
showed constitutively more open stomata and CO2-insensitivity phenotype 
(Jakobson et al., 2016). Bicarbonate-induced activation of S-type anion chan-
nels was impaired in MPK12-deficient plants (Jakobson et al., 2016). 

 

1.4.3 Involvement of other MAP kinases in stomatal movements 

MPK3's involvement in ABA-induced stomatal opening inhibition has been 
suggested (Gudesblat et al., 2006). In Arabidopsis, the specific inhibition of 
MPK3 expression in guard cells using RNA technology led to a partial reduc-
tion in ABA-induced inhibition of stomatal opening, without affecting ABA's 
promotion of stomatal closure (Gudesblat et al., 2006). The role of MPK3 likely 
lies downstream of H2O2 in ABA signaling, as evidenced by the unaffected 
ABA-induced H2O2 synthesis in MPK3-silenced lines (Gudesblat et al., 2006). 

Recently, MPK11 has been reported for its inhibitory role in red light- 
induced stomatal opening (Li et al., 2023). Notably, MPK11 exhibited signifi-
cant expression within guard cells, with MPK11-GFP signals detected in both 
nuclear and cytoplasmic compartments (Li et al., 2023). The MPK11 transcript 
levels in guard cells were elevated by white light, correlating with wider sto-
matal apertures in mpk11 mutants compared to the wild type (Li et al., 2023). 
Furthermore, red light was found to upregulate MPK11 transcript levels in guard 
cells, aligning with the observation of enlarged stomatal apertures in mpk11 
mutants under red light (Li et al., 2023). Collectively, these findings underscore 
the inhibitory role of red light-induced MPK11 in the context of stomatal 
opening, a mechanism that fine-tunes stomatal apertures and mitigates exces-
sive transpiration-induced water loss under light exposure (Li et al., 2023). 

There is indication that the MKK1-MPK6 module could participate in an 
ABA-dependent signaling pathway leading to H2O2 production (Xing et al., 
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2008). H2O2 production in response to ABA was absent in guard cells of mkk1 
and mpk6 mutants, while MKK1 overexpression resulted in H2O2 production 
(Xing et al., 2008). MPK6's activity was boosted by ABA treatment in wild-type 
plants but not in mkk1 mutants, suggesting the role of MKK1 in ABA-induced 
activation of MPK6 (Xing et al., 2008). Additionally, another research has sug-
gested the involvement of the MKK1-MPK6 module in darkness-induced 
stomatal closure, operating downstream of H2O2 (Zhang et al., 2017). Mutants 
mkk1 and mpk6 exhibited a complete inability for darkness-induced stomatal 
closure, despite H2O2 production being observed in their guard cells under 
darkness (Zhang et al., 2017). In this context, darkness-triggered MPK6 activity 
was heightened in wild-type plants but not in mkk1 mutants, implying MKK1's 
mediation of darkness-induced MPK6 activation (Zhang et al., 2017). 

In stomatal immunity, MPK3 and MPK6, along with their upstream MAPK 
kinases MKK4 and MKK5 are centrally implicated regulators (Su et al., 2017). 
Double mutants mpk3mpk6 and mkk4mkk5 displayed impaired stomatal closure 
when exposed to flg22, a peptide involved in plant immune response (Su et al., 
2017). Flg22-induced activation of MPK3 and MPK6 was observed in wild- 
type plants but not in mkk4 mkk5 double mutants, suggesting that MKK4 and 
MKK5 act upstream of MPK3 and MPK6 in this context (Su et al., 2017). 

Another potential player in ABA-induced stomatal closure is the MAPKK 
kinase MKKK20 (Li et al., 2017). Mutations in the gene encoding MKKK20 
led to a compromised stomatal response to ABA (Li et al., 2017). Notably, ABA 
treatment enhanced MPK6 kinase activity in MKKK20 overexpression lines but 
not in mkkk20, mkk5, and mkkk20mkk5 mutants. This points to potential regu-
lation of MKKK20's protein kinase activity by ABI1, a PP2C, as implied from 
its ability to reduce MKKK20 activity in vitro (Li et al., 2017). 

Furthermore, MKKK18, another MAPKK kinase, is also considered a poten-
tial contributor to guard cell ABA signaling (Mitula et al., 2015). In response to 
ABA, mkkk18 mutants displayed an impaired stomatal response, while MKKK18 
overexpression lines exhibited heightened sensitivity to ABA-induced stomatal 
closure (Mitula et al., 2015). ABI1 was shown to decrease MKKK18's kinase 
activity in vitro, indicating a potential regulatory relationship, similar to 
MKKK20 (Mitula et al., 2015). 

Very recently, a high-temperature sensitive (hts) mutant was identified in the 
ethyl methane sulfonate (EMS)-induced maize (Zea mays) mutant library. This 
mutation is associated with a single base change in the MITOGEN-ACTIVATED 
PROTEIN KINASE 20 (ZmMPK20) gene (Cheng et al., 2023). The hts mutant 
displayed markedly elevated stomatal opening and increased water loss rates, 
along with reduced thermotolerance, in comparison to wild-type plants under 
high-temperature conditions. ZmMPK20-knockout mutants displayed compar-
able phenotypes to hts mutant (Cheng et al., 2023). ZmMPK20 was found to 
interact with MAP KINASE KINASE 9 (ZmMKK9) and the E3 ubiquitin ligase 
RPM1 INTERACTING PROTEIN 2 (ZmRIN2). The ZmMKK9–ZmMPK20– 
ZmRIN2 cascade could downregulate high-temperature–induced stomatal 
opening by maintaining a balance between water loss and leaf temperature, 
thereby improving plant thermotolerance (Cheng et al., 2023). 
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2. AIM OF THE STUDY 

The main aim of this thesis was to investigate the transmission of CO2 signals 
within guard cells. The specific focus was placed on studying the involvement 
of MPKs and HT1 in the regulation of stomatal movements induced by CO2 
changes. To achieve these objectives, the following inquiries were examined: 

1. Do MAP kinases (MPK4, MPK9, MPK11, MPK12) play a role in CO2- 
induced stomatal movements? 

2. Is kinase activity of MPK12 required for CO2-induced stomatal movements? 

3. Could MAP kinases (MPK4, MPK12) sense CO2/bicarbonate directly? 

4. Could MPK4 substitute the MPK12 function in the guard cells? 
 
Utilizing the findings derived from the exploration of the aforementioned queries, 
a novel framework for CO2 signal transduction in guard cells was proposed. 
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3. MATERIALS AND METHODS 

The specific methodologies are outlined in the Materials and Methods sections 
of publications I–III. 
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4. RESULTS AND DISCUSSION 

4.1 MPK12 and MPK4 are required for CO2-induced 
stomatal movements 

Our previous study demonstrated that Arabidopsis plants carrying mutations in 
MPK12 showed partially impaired stomatal movements in response to CO2 
changes (Jakobson et al., 2016). Moreover, employing antisense suppression of 
NtMPK4 in tobacco plants resulted in an impaired CO2 response (Marten et al., 
2008). The Arabidopsis mpk4 mutants exhibit significant growth defects attri-
buted to constantly activated stress genes and an overproduction of salicylic acid 
(Petersen et al., 2000). Due to this severe dwarfed phenotype, it is impossible to 
measure the stomatal conductance in these mpk4 mutant plants. In order to 
investigate the involvement of MPK4 and MPK12 in stomatal movements, we 
established stable homozygous double-mutant lines by using a guard cell-spe-
cific promoter to selectively inhibit MPK4 expression within the guard cells of 
the mpk12-4 line, which lacks the MPK12 gene. We employed two distinct 
homozygous mpk12-4 mpk4GC lines, denoted as mpk12 mpk4GC #1 and mpk12 
mpk4GC #2, for conducting further physiological experiments and signaling 
assessments (III). 

To investigate the potential roles of MPK4 and MPK12 in CO2 signaling 
within stomata, we measured stomatal conductance in both whole intact plants 
and intact leaves when subjected to changes in CO2 concentrations. Wild-type 
(Col-0) plants closed stomata (stomatal conductance decreased) when the CO2 
concentration was elevated from 400 ppm to 800 ppm, and opened stomata (sto-
matal conductance increased) in response to CO2 changes from 400 ppm to 
100 ppm (Figure 2A, B; III, Fig. 1).  

 

 
Figure 2. mpk12mpk4GC double mutants show abolished stomatal CO2 response. 

(A)(B) Time-resolved patterns of whole-plant stomatal conductance in response to 
changes in CO2 concentrations from 400 to 100 ppm (A) or from 400 to 800 ppm (B) of 
Col-0, mpk12-4 and mpk12mpk4GC double mutants. Error bars indicate ± SEM, 
n = 6–7. (Modified from the publication III, Fig. 1b, c) 

 

A B
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In contrast to abolished responses in the double-mutant mpk12 mpk4GC plants, 
the single-mutant mpk12-4 plants exhibited a partial reduction in CO2 responses 
(Figure 2A, B; III, Fig. 1). Hence, the suppression of MPK4 in the mpk12-4 
background resulted in significant impairments in CO2 responses compared to 
the mpk12-4 single mutant (Figure 2A, B; III Fig. 1), confirming the involve-
ment of both MPK4 and MPK12 in CO2-triggered stomatal movements. 
 
 

4.2 Function of MPK4 in stomatal signaling 

To investigate the distinct role of MPK4, independent of MPK12, in stomatal 
CO2 signaling, we created mpk4GC lines in the wild-type (Col-0) background, 
where MPK4 expression was selectively suppressed in guard cells (III). We 
further confirmed the inhibition of MPK4 expression within guard cells in two 
distinct mpk4GC lines (denoted to as mpk4GC #1 and mpk4GC #2) using quanti-
tative reverse transcriptase-polymerase chain reaction (qRT-PCR). In contrast to 
the severe growth impairment observed in mpk4 mutants (Petersen et al., 2000), 
the mpk4GC lines exhibited normal growth and were only slightly smaller than 
wild-type plants (III, Fig. 3a, d). We measured whole-plant stomatal conduc-
tance in mpk4GC mutant plants in response to varying CO2 levels, both low 
(400 to 100 ppm) and high (400 to 800 ppm). Both mpk4GC #1 and mpk4GC #2 
lines showed stomatal responses to changes in CO2 levels similar to those of 
wild-type plants (Figure 3A, B; III, Fig. 3). 
 

 
Figure 3. mpk4GC lines show wild-type-like stomatal CO2 response. 

(A)(B) Time-resolved patterns of whole-plant stomatal conductance in response to 
changes in CO2 concentrations from 400 to 100 ppm (A) or from 400 to 800 ppm 
(B) of Col-0, mpk12-4 and mpk12mpk4GC double mutants. Error bars indicate ± SEM, 
n = 10–14. (Modified from the publication III, Fig. 3b, c). 
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4.3 MPK4 performs diverse functions in plants, 
while MPK12 is primarily specialized in the regulation 

of stomatal responses 

As mentioned earlier, MPK4 and MPK12 collaborate in governing stomatal re-
sponses to CO2 changes. MPK4 is more ubiquitous and has broader functions 
(Lin and Chen, 2018; Petersen et al., 2000). Conversely, MPK12 exhibits pre-
dominant expression in guard cells and plays a pivotal role in modulating sto-
matal aperture in response to various abiotic and biotic stimuli (Des Marais 
et al., 2014; Jakobson et al., 2016; Jammes et al., 2009; Jammes et al., 2011). 

To explore potential functional redundancy between MPK4 and MPK12 in 
Arabidopsis, we carried out experiments to determine whether MPK12 could 
serve as a substitute for MPK4's function (III). We introduced both MPK12 and 
MPK4 proteins into the mpk4 mutant background, driven by the MPK4 
promoter (proMPK4:MPK4 and proMPK4:MPK12). Kinase-dead version of 
MPK4 and MPK12, with specific mutations replacing glycine residues (G55 in 
MPK4 and G53 in MPK12) with arginine, were also introduced into the mpk4 
mutant background. Out of the different constructs, only proMPK4:MPK4 suc-
cessfully rescued the growth defect phenotype in the mpk4 mutant plants 
(Figure 4; III Fig. 3).  

 

 
Figure 4. The growth phenotype of mpk4 and its complementation lines. 

The growth defect phenotype of mpk4 mutant was rescued by introducing MPK4 
expression driven by its native promoter but not with a point mutation (G55R). The 
expression of MPK12 under the regulation of the MPK4 promoter, whether with or 
without the G53R mutation, did not restore the normal growth phenotype observed in 
the mpk4 mutant plants. (Taken from the publication III, Fig. 3d). 
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These complementation assays underscore the diverse roles of MPK4 within 
plant signaling networks, whereas MPK12 exhibits a higher specificity in sto-
matal CO2 signaling in guard cells. Moreover, the glycine residue at position 
55 (G55) in MPK4 and G53 in MPK12 was found to be essential for effective 
functioning of both proteins in plants. 
 
 

4.4 MPK9 does not play a role in CO2-induced 
stomatal movements 

A previous study indicated that MPK12 and MPK9 participated in the stomatal 
responses to ABA (Jammes et al., 2009). To investigate the role of MPK9 in 
stomatal CO2 signaling, we measured stomatal conductance in intact plants of 
the mpk9-2 (SALK_064439C) and mpk9-3 (GK-250D07) T-DNA lines. These 
MPK9 mutants showed similar stomatal responses to wild-type plants when 
transitioning from 400 ppm to 800 ppm or from 400 ppm to 100 ppm CO2 
concentrations (III, Figure 6a, b). Subsequently, we created the double mutant, 
denoted as mpk12 mpk9, by crossing the mpk12-4 with the mpk9-3, resulting in 
the simultaneous knockout of both MPK12 and MPK9 transcripts (III, Supple-
mental Figure 7). The plant stomatal response to elevated or reduced CO2 con-
centration was almost virtually identical in both the mpk12 mpk9 double-mutant 
and the mpk12 single-mutant plants (Figure 5A, B; III Fig. 6). These results 
suggest that MPK9 does not participate in CO2-induced stomatal movements. 
 

 

Figure 5. Stomatal CO2 responses are not regulated by MPK9.  

(A)(B) Time-resolved patterns of stomatal conductance in response to changes in CO2 
concentrations (in parts per million; ppm) as indicated on top of the panels of mpk12-4, 
mpk12 mpk9 and Col-0 plants. These experiments have been repeated twice, and rep-
resentative results from one experiment are shown. Error bars indicate ±SEM, n = 6–7. 
(Taken from the publication III, Fig. 6).  
 

4.5 As opposed to MPK11, MPK4 restores the phenotype 
associated with the deletion of MPK12 

The Arabidopsis genome contains a total of 20 MPKs, which can be categorized 
into four distinct subgroups (A to D) based on their sequence homology (Hamel 

A B
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et al., 2006; Ichimura et al., 2002). MPK12 bears a striking resemblance to 
MPK4 and MPK11 within the subgroup B. We reported that MPK12 may have 
diverged from MPK4 and is unique to the Brassicaceae family among angio-
sperms (III, Fig. S5). Introducing MPK12 under the control of the MPK4 pro-
moter failed to rescue the growth defect phenotype in mpk4 mutant plants (III). 
This suggests that MPK12 has evolved into a more specialized regulator of sto-
matal function. Nonetheless, the investigation of whether MPK4 or similar close 
homologs like MPK11 can serve as substitutes for MPK12 in guard cells remains 
unexplored. To determine whether MPK4 or MPK11 could serve as a substitute 
for MPK12’s function in guard cells (I), we fused the coding sequence of MPK4 
or MPK11 to mVenus-HA and placed it under the control of MPK12 promoter 
and terminator. Every plant harboring the MPK4 construct that exhibited mVenus 
fluorescence specifically within guard cells successfully reinstated the CO2 res-
ponses in the mpk12-4 mutant background (Fig. 6; I Fig. 5). Conversely, none 
of the transgenic plants carrying MPK11, even though they displayed distinct 
mVenus fluorescence within their guard cells, were able to restore the mpk12-4 
phenotype. Therefore, MPK11 does not play a role in CO2-induced stomatal 
movements. 

Figure 6. Expression of MPK4 in guard cells can restore mpk12-4 CO2 responses.  

(A)Time-course patterns of stomatal conductance in response to changes in CO2 
concentrations (in parts per million; ppm) as indicated on top of the panels of mpk12-4 
plants complemented with pMPK12:MPK4/11/12-mVenus-HA constructs and Col-0 
plants (n = 4–5). 
(B)(C) Stomatal closure at 16 min after application of 800 ppm CO2; stomatal opening 
after application of 100 ppm CO2 for 56 min; statistically significant groups are denoted 
with different letters (ANOVA with Tukey HSD unequal N post hoc test, P < 0.05). 
(Taken from the publication I, Fig. 5). 
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4.6 MPK4 and MPK12 cannot sense CO /HCO2 3
– directly 

in guard cells 

The ongoing increase in atmospheric carbon dioxide (CO2) levels leads to the 
closure of stomata, which has significant impacts on the processes like transpi-
ration, photosynthesis, and plant growth. Nonetheless, the intracellular primary 
CO2 sensor remains unidentified. As mentioned earlier, MPK4 and MPK12 play 
important roles in the stomatal CO2 signaling pathways. This leads to the query 
of whether MPK4 or MPK12 could potentially serve as CO2 or bicarbonate 
(HCO3

–) sensors in plants. 
To investigate whether CO2/HCO3

– directly activates MPK4 or MPK12, we 
conducted in vitro kinase assays utilizing purified His-tagged MPK4 and MPK12 
proteins (III). The experiments were conducted in an assay buffer with specified 
bicarbonate concentrations ranging from 0 to 20 mM. The presence of different 
bicarbonate concentrations did not lead to an increase in the kinase activity of 
either MPK4 or MPK12 in the phosphorylation levels (Figure 7; III Fig. 5). 

We also investigated whether the activity of MPK4 and MPK12 could be in-
fluenced by alterations in the solution’s pH, potentially due to the dissolution of 
CO2, by in vitro kinase assays using buffers with various predetermined pH levels 
(III). We did not detect any impact on the activity of either MPK4 or MPK12 
(III, Fig. 5d). 

 

 
Figure 7. The kinase activities of the recombinant MPK4 and MPK12 proteins are 
not directly regulated by CO2/HCO3–. 

The kinase activity of His-MPK4 and His-MPK12 in the presence of the specified 
concentrations of KHCO3. There was no observed activation of the kinases. The upper 
panel displays autophosphorylation, while the lower panel shows Coomassie Brilliant 
Blue (CBB) staining. (Taken from the publication III, Fig. 5c) 
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In summary, these findings indicate that MPK4 and MPK12 do not participate 
in the direct sensing of CO2/HCO3

– in guard cells. What are the proteins respon-
sible for CO2/HCO3

– sensing in guard cells remains an open question. Additio-
nally, the specific MAP3Ks and MAP2Ks that function upstream of MPK4 and 
MPK12 in guard cell CO2 signaling are yet to be identified. Hence, additional 
investigations are necessary to clarify whether classical MAPK cascades play a 
role in guard cell signaling. 

 
 
4.7 The HT1 protein kinase activates the Raf-like kinase 

CBC1 through phosphorylation 

In a prior investigation, it was documented that the HT1 kinase phosphorylates 
the CBC1 and CBC2 kinases in vitro (Hiyama et al., 2017). It is currently un-
clear whether this phosphorylation has any impact on the kinase activity of the 
CBC1 and CBC2. We validated the phosphorylation of CBC1 and CBC2 by 
HT1 through in vitro phosphorylation assays. These assays utilized recombinant 
His-HT1 and GST-CBC1 or GST-CBC2 proteins and tested for their ability of 
incorporating radioactive 32P-ATP (II, Fig. S1). Additionally, the phosphoryla-
tion levels of histone, which serves as an artificial kinase substrate, exhibited a 
concurrent increase with phosphorylated CBC1, but independent of HT1 (II, 
Fig. S1). This indicated that histone is not a substrate of HT1. Based on these 
data, it can be inferred that phosphorylation of CBC1 by HT1 might play a role 
in activating CBC1 kinase. In-gel kinase assays were conducted to explore this 
hypothesis and provide direct proof of HT1-triggered activation of CBC1 kinase 
(Figure 8A; II, Fig. 1). Conversely, the kinase-dead HT1-K113W mutant did 
not activate CBC1 (Figure 8B; II, Fig. 1). The CBC1-D253A variant exhibited 
a diminished level of phosphorylation in comparison to the wild-type CBC1. 
Furthermore, there was no evident phosphorylation of histone when HT1 was 
present. These data indicate that once HT1 activates CBC1 via phosphorylation, 
the CBC1 protein kinase then initiates phosphorylation of histone (Figure 8B; 
II, Fig. 1). We also detected phosphorylation sites within CBC1 by using mass 
spectrometry. This analysis involved examining the recombinant CBC1 protein 
in the presence and absence of HT1 (II, Fig. 1C). Two HT1-dependent phospho-
rylation sites, Thr-256 and Ser-280, which are situated within or in close proxi-
mity to the activation loop of CBC1, were identified. Phosphorylation assays 
conducted in vitro indicate that these two phosphorylation sites, which are 
dependent on HT1, play a crucial role in the activation of CBC1 by HT1 (II, 
Fig. 1D). Conversely, the blue light-dependent phosphorylation sites (Ser-43 
and 45) (Hiyama et al., 2017) do not appear to have a distinct role in the 
activation of CBC1 by HT1 (II, Fig. 1D). We created transgenic lines carrying 
wild-type CBC1 or mutated CBC1(T256A/S280A) in the cbc1 cbc2 background. 
Gas exchange experiments demonstrated that CBC1(T256A/S280A)/cbc1 cbc2 
plants exhibited reduced stomatal conductance and a lack of sensitivity to CO2 
changes, resembling the characteristics of the original cbc1 cbc2 double mutant 
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(II, Fig. 1E). These findings indicate that the phosphorylation of CBC1 at Thr-256 
and Ser-280 is essential for CBC1's role in mediating the stomatal response to 
CO2 changes. 
 

Figure 8. The CO2 signaling Raf-like kinase CBC1 is activated by the HT1 protein 
kinase through phosphorylation. 

(A) Recombinant CBC1 and CBC2 proteins were incubated with or without HT1 pro-
teins for 30 min with ATP, and in-gel kinase assays were performed. 
(B) The kinase inactive CBC1-D253A and HT1-K113W protein isoforms were used for 
in vitro phosphorylation analyzes with recombinant CBC1 and HT1 proteins as indi-
cated. Histone was used as an artificial phosphorylation substrate of CBC1. (Taken from 
the publication II, Fig. 1A, B) 
 
 

4.8 Elevated NaHCO3 levels leads to the inhibition of 
HT1-mediated CBC1 kinase phosphorylation in the 

presence of MAP kinases MPK4 and MPK12 

We examined whether the activation of CBC1 by HT1 is hindered by CO2/bi-
carbonate by introducing NaHCO3 into the in vitro phosphorylation assays. 
However, our findings did not show a distinct impact of NaHCO3 on the 
HT1-mediated CBC1 phosphorylation levels (Figure 9A, control lanes 1 & 2; II, 
Fig. 2). Interestingly, upon the inclusion of MPK4 or MPK12 in the kinase 
assay, it was observed that the presence of NaHCO3, rather than NaCl, hindered 
both CBC1 and histone phosphorylation in vitro (Figure 9A, MPK4/MPK12 
lanes 4 & 6; II, Fig. 2). Nonetheless, we did not see a clear effect of MPK4 or 
MPK12 without addition of NaHCO3 (Figure 9A, MPK4/MPK12 lanes 3 & 
5; II, Fig. 2). On the other hand, the cytosolic domain of the pseudo kinase GHR1 
did not exhibit a distinct effect, providing further evidence for the specific func-
tion of MPK4 and MPK12. 
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The reduction in CBC1 kinase activity exhibited a dependence on the con-
centration of NaHCO3 (Figure 9B; II, Fig. 2). The concentration at which 50% 
of the activity was inhibited (EC50) was approximately 7.1 +/– 1.0 mM of 
NaHCO3 in vitro. 

This value is in line with the bicarbonate sensing systems found in other orga-
nisms, such as the cyanobacterium adenylyl cyclase bicarbonate sensor and the 
mammalian soluble adenylyl cyclase bicarbonate sensor (Cann et al., 2003; 
Chen et al., 2000) 

We also investigated whether the down-regulation of CBC1 activity could be 
influenced by alterations in the solution’s pH by conducting in vitro kinase assays 
using buffers with various predetermined pH levels (II). We observed that under 
conditions of higher pH, specifically at pH values of 7.5 or above, NaHCO3 had 
an inhibitory effect on CBC1 phosphorylation when MPK4 and HT1 were pre-
sent (II, Fig. 2D and E). This observation suggests that bicarbonate ions are the 
primary inorganic carbon signaling molecules. It is important to highlight that 
these findings don’t necessarily rule out a potential secondary role of CO2, espe-
cially considering its higher abundance at lower pH conditions. Therefore, it is 
possible that both CO2 and bicarbonate ions act as signaling molecules in the 
MPK4/12:HT1-mediated CBC1 phosphorylation. 

 
Figure 9. In vitro, MAP kinases MPK4 and MPK12 suppress HT1-mediated CBC1 
kinase phosphorylation with elevated NaHCO3 levels. 

(A) Recombinant HT1 and CBC1 proteins were incubated with MPK4, MPK12 or the 
(pseudo)-kinase domain of GHR1 in the presence or absence of 20 mM NaHCO3 for 30 
min, and in vitro phosphorylation assays were performed. Histone was used as an artifi-
cial protein kinase substrate. 
(B) MPK4, HT1 and CBC1 proteins were incubated with NaHCO3 at the indicated con-
centrations for 30 min, and in vitro phosphorylation assays were performed. (Taken 
from the publication II, Fig. 2) 
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In our in vitro phosphorylation assays, MPK11, a member of the Arabidopsis 
MPK subfamily shared with MPK4 and MPK12, did not facilitate NaHCO3- 
induced inhibition of CBC1 phosphorylation (II, Fig. S2A). This contrasts with 
MPK12 and MPK4, which demonstrated inhibitory effects on CBC1 phospho-
rylation in the presence of NaHCO3 (II, Fig. S2A, B). These findings align with 
previous research suggesting that MPK11 does not play a role in CO2 signaling 
in guard cells (Jakobson et al., 2016; II). Additionally, we also examined MPK3 
from a different Arabidopsis MPK subfamily, known for its varied roles in plant 
stress signal transduction pathways, functioning redundantly with MPK6. Our 
findings indicate that MPK3 does not participate in the inhibition of CBC1 
phosphorylation, unlike MPK4 and MPK12 (II, Fig. S2B). 
 
 

4.9 The dominant HT1 mutations interfere with 
the bicarbonate-dependent downregulation of CBC1 

protein kinase activity  

A genetic screen was conducted to identify Arabidopsis mutants sensitive to 
ozone, potentially characterized by increased stomatal conductance phenotypes 
that facilitate the entry of damaging ozone into intercellular leaf spaces (Vahi-
salu et al., 2008). Screening of over 50,000 M2 Arabidopsis lines, generated 
through EMS mutagenesis, resulted in identification of potential mutants 
showing impaired responses in the high CO2-induced stomatal closure. Among 
these mutants, six were found to have mutations in the HT1 gene. This set 
included new alleles, ht1-G89R and ht1-R173Q, as well as re-isolations of the 
previously known ht1-A109V(ht1-8D) (Hõrak et al., 2016). The ht1-G89R and 
ht1-R173Q mutants exhibited dominance and showed reduced sensitivity of 
stomata to elevated CO2 (Figure 10A, B; II, Fig. 3A, B). Analysis of whole- 
plant gas exchange indicated that the ht1-G89R mutant exhibited higher stomatal 
conductance at ambient CO2 levels, with an unresponsive behavior to changes 
in CO2 concentration (Figure 10A; II, Fig. 3A). Stomatal conductance of the 
ht1-G89R mutant was lower than that observed in wild-type plants at low CO2 
(100 ppm CO2) (Figure 10A; II, Fig. 3A). The ht1-R173Q mutant exhibited 
partially impaired stomatal responses to changes in CO2 levels (Figure 10B; II, 
Fig. 3B). 

In vitro assays showed that both recombinant HT1-G89R and HT1-R173Q 
proteins activated CBC1 protein (Figure 10C, lanes 4 and 6; II, Fig. 3C). 
Nevertheless, the activation of CBC1 protein by HT1-G89R was observed to be 
lower than that by the wild-type HT1 protein (Figure 10C, lane 2 vs. lane 4; II, 
Fig. 3C). Interestingly, in in vitro phosphorylation assays, we observed that the 
HT1-G89R isoform did not exhibit NaHCO3-mediated inhibition of CBC1 
activity, which contrasted with the WT HT1 protein (Figure 10C; II, Fig. 3C). 
Moreover, the R173Q mutation showed partially impaired NaHCO3-dependent 
downregulation of CBC1 (Figure 10C, lane 6 and 7; II, Fig. 3C). These findings 
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aligned with the stomatal phenotypes observed in the mutant plants (Figure 10A 
and B; II, Fig. 3A, B). The reduced stomatal conductance observed in the 
ht1-G89R mutant plants compared to WT plants under low CO2 conditions 
(100 ppm CO2) (Figure 10A; II, Fig. 3A) is in accordance with the diminished 
kinase activity of the HT1-G89R isoform at low CO2/bicarbonate concent-
rations (Figure 10C, lane 2 vs. lane 4; II, Fig. 3C). In our previous study, 
whole-plant gas exchange analyzes demonstrated that the ht1-A109V mutant 
plants, which exhibited a more pronounced dominance of CO2 insensitivity 
(Hõrak et al., 2016), displayed a higher stomatal conductance compared to the 
ht1-G89R mutant plants (II, Fig. S3A). Under the experimental conditions 
imposed, these mutants with reduced sensitivity to CO2 changes did not exhibit 
any clear impact on the photosynthesis-mediated uptake of CO2 (II, Fig. S3B). 
We investigated additional ht1 mutants displaying dominance in CO2-induced 
stomatal movements. In opposition to recessive ht1 kinase mutants (Hashimoto 
et al., 2006), two potent dominant ht1 mutations, ht1-R102K (ht1-3) (Hashi-
moto-Sugimoto et al., 2016) and ht1-A109V (ht1-8D) (Hõrak et al., 2016), 
induce a consistently open and high CO2-insensitive stomata phenotype (Hashi-
moto-Sugimoto et al., 2016; Hõrak et al., 2016). These results suggest that these 
dominant mutations may be caused by an unregulated HT1 function in guard 
cells. Nevertheless, these mutations did not significantly enhance HT1 kinase 
activity (Hashimoto-Sugimoto et al., 2016; Hõrak et al., 2016). In our phos-
phorylation assays employing recombinant MPK4/12, HT1, and CBC1 proteins, 
the R102K and A109V mutations in HT1 intriguingly interfere with the 
NaHCO3-induced reduction of CBC1 phosphorylation and CBC1 activity (II, 
Fig. 3D and E). 

Our in vitro analyzes provide insight into how these specific point mutations 
in HT1 contribute to their CO2-insensitive stomatal phenotypes. Based on the 
discoveries outlined earlier, a model can be proposed where the low CO2- 
induced activation of the CBC1 kinase requires the phosphorylation by HT1. 
The activity of CBC1, in turn, is attenuated by the down-regulation of HT1 
induced by high CO2/bicarbonate levels in the presence of the MPK4/12. This 
model predicts that the presence of the CBC kinases would be necessary for the 
constitutively open stomatal phenotypes observed in the dominant ht1-A109V 
mutant. Hence, we created cbc1 cbc2 ht1-A109V triple mutant plants for further 
investigation. Analysis of whole-plant stomatal conductance revealed a closed 
stomatal phenotype in the triple mutant, resembling to some extent the charac-
teristics of cbc1 cbc2 mutant plants. In contrast, the ht1-A109V single mutant 
exhibited constitutively open stomata (II, Fig. 3F). This genetic evidence rein-
forces the model proposing that HT1 serves as a pivotal upstream regulator 
linking CO2 sensing to the downstream regulation of CBC kinase activity. 

Further experiments, including analysis of the recessive ht1-2 mutant (Hashi-
moto et al., 2006), indicated that the cbc1 cbc2 double mutant and cbc1 cbc2 
ht1-A109V triple mutant had slightly higher stomatal conductance compared to 
the ht1-2 mutant.  Stomatal conductance of the ht1-2 mutants remained consis-
tently very low (II, Fig. S4). The cbc1 cbc2 double mutant plants exhibited a 



34 

minimal response to changes in CO2 concentrations (II, Fig. S4). These findings 
hint at the possibility that other members in the C7 subgroup of the Raf-like 
kinase family that includes CBC1 and CBC2 (Hiyama et al., 2017) could share 
a similar function, possibly offering genetic redundancy, alongside the CBC1 
and CBC2 in regulating stomatal opening in response to low CO2 levels. 

 

Figure 10. The dominant HT1 mutations interfere with the HCO3–-dependent 
down-regulation of CBC1 protein kinase activity. 

(A)(B) Whole-plant gas exchange analyzes using ht1-G89R (A) and ht1-R173Q (B). 
Ambient CO2 concentrations are indicated by the top bars. n = 7 experiments, error bars 
show ± SEM. 
(C) Recombinant HT1 (wild type, HT1-G89R or HT1-R173Q) and CBC1 proteins were 
incubated with MPK4 in the presence or absence of 20 mM NaHCO3 or 20 mM NaCl 
(“-” controls) for 30 min, and in vitro phosphorylation assays were performed. (Taken 
from the publication II, Fig. 3) 
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4.10 Bicarbonate deactivates HT1 kinase by stabilizing 
the interaction between HT1 and MPK4/12 

We continued with experiments aimed at uncovering the molecular mechanism 
underlying CO2/bicarbonate sensing. Upon individual exposure of CBC1, HT1, 
or MPK4 to elevated NaHCO3, their respective kinase activities remained un-
affected (II, Fig. 4A), especially in the case of the MPKs. This aligns with our 
previous findings indicating no direct activation of MPK4 and MPK12 by in-
creased CO2 or NaHCO3 (III). Intriguingly, exposure to NaHCO3 led to the inhi-
bition of the HT1 kinase activity in the presence of either MPK4 or MPK12 (II, 
Fig. 4B). Conversely, CBC1 activity remained unaffected when MPK4 or 
MPK12 and CBC1 were included in the reaction without the HT1 protein (II, 
Fig. 4B), indicating that MPK4, MPK12, and HT1 could constitute the bicarbo-
nate-sensing module. We explored potential interactions between MPKs and 
HT1, along with the influence of HCO3

–. In vitro pull-down assays revealed a 
substantial enhancement in the binding between MPK4 and HT1 in the presence 
of HCO3

– (Figure 11A; II, Fig. 4C). Comparable experiments also showed an 
interaction between MPK12 and HT1 in a bicarbonate-dependent manner, while 
other MPKs (MPK3 and MPK11) exhibited no binding to the HT1 protein (II, 
Fig. 4D). The HCO3

–-dependent binding was absent upon HCO3
– removal, sug-

gesting a reversible interaction between MPK4 and HT1 based on the bicarbo-
nate concentration (II, Fig. 4E). Notably, the HT1-G89R mutation impaired the 
HCO3

–-dependent interaction of HT1 with MPK4 (Figure 11B; II, Fig. 4F). 
The HT1-R173Q variant, associated with a milder CO2-insensitive phenotype 
(II, Fig. 3B), retained partial interaction with MPK4 upon HCO3

– addition, though 
with reduced strength compared to the WT HT1 protein (Figure 11B; II, Fig. 
4F). Moreover, the strong dominant HT1-R102K and HT1-A109V mutant pro-
tein did not exhibit an interaction induced by bicarbonate between HT1 and 
MPK4 (Figure 11C, D; II, Fig. 4G and H). These results align with the 
findings from our in vitro phosphorylation assays (II, Fig. 3C to E) and analyzes 
of stomatal conductance (II, Fig. 3A, B, and F). 
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Figure 11. Bicarbonate enhances the interaction between HT1 and MPK4/12 

(A) His-HT1 and GST-MPK4 or GST control proteins were used for in vitro pull-down 
assays with or without 20 mM NaHCO3. NaHCO3 or 20 mM NaCl (“-” controls) were 
supplemented in all buffers throughout the pull-down assay procedures including the 
washing step. 
(B) In vitro pull-down assays were performed using recombinant HT1 (wild type, 
HT1-G89R and HT1-R173Q) proteins. 
(C) In vitro pull-down assays were performed using HT1-R102K isoform. 
(D) In vitro pull-down assays were performed using HT1-A109V isoform. 
(Taken from the publication II, Fig. 4) 
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4.11 The interaction between MPK12 and HT1 does not 
require MPK12 kinase activity; instead, 

it relies on specific amino acids 

In a previous study, we reported that the interaction between MPK12 and HT1 
was notably disrupted when a G53R substitution was present in MPK12 (Jakob-
son et al., 2016). This substitution was initially identified in the Cvi-0 natural 
accession of Arabidopsis thaliana. We observed that MPK12 displayed auto-
phosphorylation activity in in vitro kinase assays, but this activity was not evident 
in the G53R mutant. This suggests that loss of kinase activity might influence 
the interaction. Nonetheless, when we introduced a kinase-inactive MPK12 with 
an arginine substitution to a conserved lysine (K70) necessary for ATP binding, 
inhibition of HT1 was only marginally affected compared to when the wild-type 
MPK12 and the hyperactive MPK12(Y122C) were added (Jakobson et al., 2016). 
These findings prompted us to inquire whether kinase activity of the MPK12 is 
essential for its interaction with HT1. To investigate this question, we created an 
additional MPK12 mutant with D196G and E200A substitutions, denoted as 
MPK12(DE). In a manner similar to MPK12(Y122C), the design of MPK12(DE) 
was guided by conserved substitutions that induce the constitutive activation of 
kinases in Arabidopsis MPK3/4/6 (Berriri et al., 2012). Nevertheless, in the in 
vitro kinase assay, purified recombinant MPK12(DE) protein displayed only 
modest, though comparable, autophosphorylation activity to the wild-type MPK12. 
In contrast, MPK12(Y122C) exhibited a robust autophosphorylation signal in 
this assay (Figure 12A; I, Fig. 1). Conversely, the G53R and K70R mutants did 
not exhibit any discernible autophosphorylation activity. 

Subsequenty, we carried out interaction assays between HT1 and all five 
variants of MPK12. Because of the membrane association characteristic of HT1, 
we used the split-ubiquitin yeast-two-hybrid (Y2H) system to investigate the 
interaction between HT1 and MPK12 (Hashimoto-Sugimoto et al., 2016; Hõrak 
et al., 2016). We observed strong interaction between wtMPK12 and HT1, while 
its close homolog, MPK11, showed no interaction. This result is in line with our 
earlier findings (Jakobson et al., 2016). However, the kinase-dead version, 
K70R, and the hyperactive Y122C, showed interactions with HT1 (Figure 12B; I, 
Fig. 1b). We conducted western blot analysis to exclude the possibility that lack 
of interaction was due to poor or no expression of MPK12 proteins in yeast. This 
western blot analysis confirmed that all the five MPK12 variants and MPK11 
were expressed well in yeast (I, Fig. S2a). 

We also studied the interaction between HT1 and the MPK12 variants in 
Nicotiana benthamiana by using ratiometric bimolecular fluorescence comple-
mentation (BiFC) assays. Consistent with the findings from the Y2H experi-
ments, along with wtMPK12, the K70R and Y122C variants displayed strong 
interaction with HT1 (Figure 12C; I, Fig. 1c). In contrast, the G53R and DE 
variants of MPK12, along with MPK11, showed minimal YFP/CFP signals 
(Figure 12C; I, Fig. 1c). Western blot analysis confirmed the well expression of 
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all split YFP fusion proteins (I, Fig. S2b). These findings, obtained from dif-
ferent approaches, prove that the interaction between HT1 and MPK12 is inde-
pendent of MPK12 kinase activity. Furthermore, the G53, D196, and E200 
amino acids might be localized at the interaction interface. 

 
Figure 12. MPK12 interaction with HT1 does not depend on MPK12 kinase 
activity. 

(A) The kinase activity of MPK12 and its variants: WT and DE versions of MPK12 
exhibited modest autophosphorylation, while the Y122C variant demonstrated elevated 
activity; no autophosphorylation activity was observed for the G53R and K70R variants: 
MPK12 autophosphorylation levels (upper panel) and Coomassie brilliant blue (CBB)- 
stained gels (lower panel) are shown; the illustrated experiment was repeated 3 times 
with similar results. 
(B) Split-ubiquitin yeast two-hybrid (Y2H) assay: yeast growth with serial dilution on a 
SD-LeuTrp plate indicates presence of both bait (HT1-Cub-LexA-VP16) and prey 
(NubG-HA-X) plasmids, and on a SD-LeuTrpHisAde plate to select for interaction; 
only MPK12, MPK12(K70R) and MPK12(Y122C) interact with HT1; pDL2-Alg5 and 
pAI-Alg5 are negative and positive prey controls, respectively; bar graph shows relative 
β-galactosidase activities normalized by the positive control; error bars are SEM (n=3) 
(C) Ratiometric bimolecular fluorescence complementation (BiFC) assay in Nicotiana 
benthamiana; box & whisker plot shows stronger interaction between HT1 and MPK12, 
MPK12(K70R) and MPK12(Y122C); y-axis depicts the split-YFP pairs (HT1-YFPn + 
MPK-YFPc) used for leaf infiltration, along with Agrobacterium carrying a SLAC1- 
CFP construct as a control; x-axis is the ratio of YFP and CFP fluorescence, which indi-
cates interaction strength normalized by the SLAC1-CFP reference control; 20 confocal 
images taken from three independent leaves in one experiment were analyzed for each 
interaction pair; more than 3 independent experiments were performed with similar 
results; statistically significant groups are denoted with different letters (One-Way 
ANOVA with Tukey HSD post hoc test, P < 0.05) 
(Taken from the publication I, Fig. 1) 
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4.12 MPK12 kinase activity is not required for its function 
in CO2-dependent stomatal regulation 

As we could not discern any evidence of HT1 phosphorylation by MPK12, it is 
tempting to hypothesize that the function of MPK12 involves sequestering HT1, 
preventing its phosphorylation of downstream effectors, irrespective of MPK12’s 
phospho-transfer activity. The mpk12-4 mutant, carrying a deletion of the 
MPK12 locus, along with the five MPK12 variants employed in the interaction 
and kinase assays, offer a robust platform and tools for investigating this inquiry. 
Our rationale was that by introducing these MPK12 variants into the mpk12-4 
plants, we could acquire insights into the mechanisms underlying MPK12’s role 
in CO2 signaling. We formulated and produced three sets of binary constructs 
(I, Fig. S6a). Every set comprised five constructs featuring distinct MPK12 
variants, accompanied by a seed-specific red fluorescent protein marker. The 
initial set included a 2.5 kb segment of the MPK12 genomic sequence without 
any tag (gMPK12) to prevent potential interference with the native gene func-
tion. The second set involved attaching mVenus and an HA tag to the genomic 
sequence of MPK12 (gMPK12-mVenus-HA) to facilitate the confirmation of 
guard cell-specific MPK12 expression. The final set sought to produce the 
MPK12-mVenus-HA fusion protein in a broad range of cell types. This was 
achieved by inserting the coding sequence between an Arabidopsis ubiquitin 10 
promoter (pUBQ10) and an Agrobacterium tumefaciens NOS terminator (tNOS) 
(pUBQ10:cMPK12-mVenus-HA_tNOS). All three sets of constructs were em-
ployed for the development of transgenic plants in the mpk12-4 background. 
From each of the 15 plant lines, a number of T1 seeds exhibiting distinct red 
fluorescence were chosen, and their responses to changes in CO2 were measured 
by using a comprehensive plant gas-exchange device (I, Fig. S6b-d). In line 
with our earlier findings (Jakobson et al., 2016), the mpk12-4 plant exhibited 
markedly diminished reactions to elevated and reduced CO2 concentrations. 
Notably, its stomatal conductance was approximately 1.5 times greater than that 
of Col-0 under ambient CO2 conditions (420 ppm) (I, Fig. S6b). The majority of 
T1 plants carrying the wtMPK12 in all three construct sets exhibited stomatal 
conductance similar to Col-0 (I, Fig. S6b) and responded comparably to both 
elevated and reduced CO2 conditions (I, Fig. S6c, d). This suggests that the 
addition of the mVenus-HA tag does not significantly impact the functionality 
of MPK12. Among the four MPK12 mutants, only K70R and Y122C capable of 
interacting with HT1, irrespective of their kinase activities, were able to 
reinstate CO2 responses in the mpk12-4 background (I, Fig. S6c, d). 

Next, we focused on the group of gMPK12-mVenus-HA plants and picked 
two distinct T2 lines from each MPK12 variant for more in-depth investigation. 
In line with our findings in T1 plants, only those plants carrying the wtMPK12, 
K70R, and Y122C mutants showed a restoration of stomatal responses to CO2 
and the wild-type steady-state conductance at ambient CO2 in the mpk12-4 back-
ground (Figure 13A, B; I, Fig. 3a, d). The guard cell-specific expression of 
MPK12 variants was confirmed by confocal microscopy based on the mVenus 
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fluorescence. The expression pattern aligned with the anticipated guard cell 
specificity of the native MPK12 promoter (I, Fig. 3c, f). The findings strongly 
indicate that MPK12 plays a role in guard cell CO2 signaling that is independent 
of its catalytic activity.  

 

Figure 13. The catalytic function of MPK12 is dispensable for CO2-induced 
stomatal movements 
(A)(B)Time-course patterns of whole-plant stomatal conductance in response to changes 
in CO2 concentrations (in parts per million; ppm) as indicated on top of the panels; 
intact plants of Col-0 (n=13), MPK12 deletion line mpk12-4 (n=12), and mpk12-4 trans-
formed with MPK12(G53R) (n=7), MPK12(K70R) (n=5) in (A) and MPK12(Y122C) 
(n=4), MPK12(DE) (n=5) in (B) were analyzed; data of Col-0 and mpk12-4 controls are 
the same in (A) & (B) as they were obtained in the same experimental set. (Taken from 
the publication I, Fig. 3a, d) 
 
 

4.13 In the presence of bicarbonate, purified MPK12 and 
HT1 form a heterodimeric structure 

In pursuit of more direct binding assays to investigate the interaction between 
MPK12 and HT1 and its reliance on CO2/HCO3

– concentration, alternative 
protein purification systems were explored due to challenges in expressing HT1 
protein in Escherichia coli. 

We simultaneously expressed HT1 and MPK12 proteins in insect cells using 
the baculovirus expression system, and subsequently employed tandem puri-
fication methods (I, Fig. S1d). Throughout the purification procedure, 20mM of 
NaHCO3 was included to facilitate formation of the MPK12:HT1 complex. The 
purified complex was subsequently analyzed by size exclusion chromatography, 
with or without the addition of NaHCO3. When NaHCO3 was present, the 
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principal peak closely aligned with the elution volume (Ve) of the 158 kD 
standard, indicating that it corresponded to the MPK12:HT1 heterodimer (147.5 
KD) (Figure 14A; I, Fig. 2d). This peak showed a noticeable reduction, and in 
the absence of NaHCO3, accompanied by a second more pronounced peak with 
a larger Ve, indicating a smaller size (75 kD). This fraction likely represented a 
mixture of both monomers. Confirmation of the presence of both MPK12 and 
HT1 in the larger size fraction was achieved via SDS-PAGE (Figure 14B; 
I, Fig. 2e). These data furnish more direct proof of the CO2/HCO3

–-dependent 
interaction between MPK12 and HT1, suggesting a 1:1 stoichiometry in the 
MPK12:HT1 complex. 

Figure 14. MPK12 and HT1 form a heterodimer in the presence of bicarbonate 

(A) Elution profiles of the Superdex 200 5/150 GL size exclusion chromatography of 
the His-mCherry-HT1 + twin strep-mVenus-MPK12 protein complex; the same tandem 
affinity purified protein preparation, purified in the presence of 20mM NaHCO3, was 
used in both +HCO3

– and -HCO3
– runs. 

(B) Coomassie brilliant blue stained 10% polyacrylamide-SDS gels showing total pro-
teins in the peak fractions of the chromatography runs depicted in (A); the starting 
elution volumes of the sampled chromatography fractions are indicated on top of each 
lane; the molecular weight (Mw) standards are indicated on the left; expected Mw of the 
His-mCherry-HT1 and twin strep-mVenus-MPK12 proteins are 72.9 kD and 74.6 kD, 
respectively. (Taken from the publication I, Fig. 2) 
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4.14 Kinase activity-independent interaction between 
MPK12:HT1 depends on CO2/HCO3

– concentration 

Both BiFC and Y2H assays enable investigations into interactions with a fixed 
perspective as they possess irreversibility. Despite their limitations, the irrever-
sibility inherent in these assays may augment the study of transient interactions. 
We adapted the BiFC experiments by subjecting Nicotiana benthamiana plants 
to either reduced (100 ppm) or elevated (800 ppm) CO2 conditions post- 
infiltration to capture any potential CO2-dependent interaction between MPK12 
and HT1. In our adapted confocal microscopy-based ratiometric BiFC assays, 
we observed an elevation in the YFP/CFP signal for wtMPK12 and HT1 under 
800 ppm CO2 compared to conditions of 100 ppm CO2. The signal elevation 
induced by high CO2 was not observed for MPK12(G53R), which exhibited 
weak interaction signals under both high and low CO2 conditions (Figure 
15A; I, Fig. 2a). Likewise, epifluorescence microscopy-based BiFC assays 
were performed with initial inoculation and subsequent growth under low, 100 
ppm CO2 conditions. Continuous gassing with low CO2 air was maintained 
during fluorescence imaging for the samples treated with low CO2. These 
experiments also unveiled MPK12:HT1 interaction induced by high CO2, a 
response nullified by the G53R mutation in MPK12 (Figure 15B; I, Fig. 2b). 

In our previous study, we documented that HT1 repressed SLAC1 activity 
needed for stomatal closure, and this inhibition was counteracted by the inter-
action of MPK12:HT1 (Hõrak et al., 2016). In this study (I & II), we revealed 
the inhibition of CBC1 phosphorylation by HT1 in response to CO2/bicarbonate 
(HCO3

–) when MPK12 was introduced into the reaction. Our proposition is that 
MPK12 and MPK4, in conjunction with HT1, constitute the primary sensor for 
CO2/HCO3

– in guard cells (II). To investigate deeper into whether the inhibition 
of CBC1 phosphorylation by HT1 induced by MPK12 necessitates MPK12 
kinase activity or solely its interaction with HT1, we conducted in vitro kinase 
assays using the five variants of MPK12 under conditions of both elevated and 
low CO2/HCO3

– (I). In these experiments, it was observed that 20 mM of CO2/ 
HCO3

–
 led to inhibition of CBC1 phosphorylation in the presence of HT1 along 

with wtMPK12, aligning with findings from our recent study (II). Notably, both 
the MPK12(K70R) and MPK12(Y122C) mutant proteins were able to inhibit 
CBC1 kinase activity, contrasting with the G53R and DE variants (Figure 
15C; I, Fig. 2c). These findings support the essential contribution of the 
MPK12:HT1 interaction to the CO2/HCO3

–-sensing mechanism, underscoring 
its independence of MPK12 kinase activity. 
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Figure 15. MPK12 interacts with HT1 and inhibits CBC1 phosphorylation by HT1, 
which are dependent on CO2/HCO3– concentrations and specific amino acids in 
MPK12 

(A) Ratiometric confocal microscopy-based BiFC assays in N. benthamiana plants kept 
under low (100 ppm) and high (800 ppm) CO2 conditions after infiltration: MPK12 
exhibits enhanced interaction with HT1 under 800 ppm CO2, whereas MPK12(G53R) 
does not; y-axis indicates split YFP pairs, and x-axis is YFP signal normalized to the 
SLAC1-CFP reference control; statistically significant groups are denoted with different 
letters (two-way ANOVA followed by Tukey’s multiple comparisons test; P < 0.005, 
n=12 images for MPK12(G53R) at 100 ppm CO2, and 18 for all others in a single 
experiment). 
(B) Epifluorescence microscopy-based BiFC was conducted  in N. benthamiana plants, 
which were infiltrated and grown at 100 ppm CO2 for 3 days. Subsequently, they were 
either exposed to 800 ppm or maintained at 100 ppm CO2: MPK12 displays a signifi-
cant increase in interaction with HT1 under high CO2 conditions, but G53R does not; 
y-axis shows split mVenus pairs, and x-axis is the mVenus fluorescence intensity; 
experiments were repeated twice with similar results; statistically significant groups are 
denoted with different letters (two-way ANOVA followed by Tukey’s multiple com-
parisons test; P < 0.05; n=40 for randomly selected non-overlapping regions from 10 
images for each treatment). 
(C) Under elevated CO2/HCO3

– conditions, CBC1 phosphorylation by HT1 is reduced 
by the WT, K70R, and Y122C variants of MPK12, whereas the G53R and DE variants 
show no reduction.; The recombinant proteins His-MPK12s, His-HT1 and GST-CBC1 
were incubated with or without 20 mM NaHCO3 for 30 min. Subsequently, in vitro 
phosphorylation analyses were conducted by adding 32P-ATP; CBC1 phosphorylation 
levels and Coomassie brilliant blue (CBB)-stained gels are shown. (Taken from the 
publication I, Fig. 2a, b, c) 
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4.15 A MPK12:HT1 structural modeling explains important 
MPK12 amino acids at the interaction interface with HT1 

We developed a theoretical model of the MPK12:HT1 complex utilizing 
AlphaFold2 (Jumper et al., 2021). The forecasted configuration of the MPK12: 
HT1 complex exhibited favorable per-residue confidence metrics, indicating 
high precision for the residues within the interface region (depicted in deep blue) 
(Figure 16A; I, Fig. 4a). The anticipated aligned errors indicated minimal 
values for the relevant residue pairs, forecasting clearly defined relative posi-
tions. The structure is folded adequately, devoid of excessively exposed regions. 
Crucial secondary and tertiary structures of MPK12 are identifiable, including a 
smaller N-lobe and a larger C-lobe (Figure 16B; I, Fig. 4b). The residues in 
MPK12 predicted to play a crucial role in binding at the interface include G53, 
D196 (donating a hydrogen bond from the side-chain oxygen of D196 to the 
side-chain nitrogen of K91 in HT1), and E200 (forming a hydrogen bond from 
the backbone oxygen of E200 to the side-chain NH2 of R102 in HT1), in 
addition to residues in the substrate binding region: N263, Y277, and P285. Re-
moving D196, E200, and G53 led to an anticipated unfavorable binding sce-
nario, marked by the absence of intermolecular contacts and an impact on the 
function of MPK12. K70 and Y122 are predicted not to be part of the contact 
surface between MPK12 and HT1 (Figure 16C; I, Fig 4c), and changing them 
does not influence physiological functions (I, Fig. 3). 
 

Figure 16. AlphaFold2 structural prediction model for the MPK12-HT1 complex 

(A) Color-coded model confidence indicates a very good overall confidence, with very 
high accuracy at the interface area indicated by the per-residue confidence metrics 
(pLDDT).  
(B) HT1 (gray, surface-filled structure) in complex with MPK12 (pink, ribbon structure) 
with highlights in the N-terminal region (15 amino acids, red spheres), C-terminal 
region (41 amino acids, cyan dots), and residues G53, K70, Y122, D196, and E200 of 
MPK12.  
(C) Closeup of the interaction interface highlighting MPK12 interface residues G53, 
D196, and E200, and MPK12 non-interface residues K70 and Y122, of MPK12. (Taken 
from the publication I, Fig. 4) 

A B C
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4.16 A new model for CO2-induced stomatal movements 

In this thesis, we elucidate the fundamental mechanisms of stomatal CO2 sensing 
and early signaling at the biochemical, genetic, and physiological levels, in-
volving three distinct protein kinases: MPK4/MPK12, HT1, and CBC1 (I, II, 
III). Although approximately 20% of the activity of downstream S-type anion 
channels can be influenced by HCO3

– as a secondary sensing mechanism 
(Zhang et al., 2018), the primary sensors for CO2/bicarbonate that regulate the 
necessary upstream phosphorylation events and, consequently, stomatal closure, 
have not been clearly identified. The present data, which demonstrate the role of 
the MPK4/MPK12-HT1 complex as a bicarbonate sensor, along with the robust 
genetic CO2-insensitive characteristics observed in ht1 and cbc1 cbc2 mutants 
(Figure 10; II, Fig. 3) (Hashimoto et al, 2006; Hiyama et al, 2017), propose a 
model for how plant cells convey and perceive the CO2 signal to initiate sto-
matal closure. Under conditions of low CO2/bicarbonate concentrations, HT1 
kinase phosphorylates and activates CBC1 protein kinase, resulting in the inhi-
bition of stomatal closure mechanism. Nevertheless, in the presence of elevated 
CO2 concentrations, carbonic anhydrases expedite the intracellular conversion 
of CO2 to bicarbonate (Hu et al, 2010). The higher concentration of bicarbonate 
ions can prompt the binding between MPK4/12 and HT1 (Figure 11; II, Fig. 4) 
(Figure 14A; I, Fig. 2d), resulting in the inhibition of HT1 kinase activity. 
Inhibition of HT1 kinase subsequently leads to the down-regulation of CBC1 
kinase activity, facilitating the initiation of stomatal closure (Figure 17; II, 
Fig. 7C). 
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Figure 17. Models for CO2-induced stomatal movement.  

(Upper) The increased concentration of CO2 in leaves results in an augmented entry of 
CO2 into guard cells. Carbonic anhydrases accelerate the intracellular transformation of 
CO2 into bicarbonate. The accumulated bicarbonate ions can initiate the interaction 
between MPK4/12 and HT1, resulting in the suppression of HT1 kinase activity. 
Suppression of HT1 kinase activity consequently results in the reduction of CBC1 
kinase activity, promoting the onset of stomatal closure. 
(Lower) In situations characterized by low CO2/bicarbonate concentrations, the HT1 
kinase phosphorylates and activates the CBC1 protein kinase, leading to the suppression 
of the stomatal closure mechanism. (Graphics was originally designed by Triinu Arjus. 
Modified from the publication II, Fig. 7C.) 
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CONCLUSIONS  

• CO2-induced stomatal movements require the involvement of both MPK4 
and MPK12. The stomatal responses to changes in CO2 were akin to wild- 
type in mpk4GC plants, while in mpk12 single-mutant plants, the responses 
were partially impaired. On the contrary, stomata in mpk12 mpk4GC double- 
mutant plants exhibited complete insensitivity to both low and high CO2. 

• Complementation analyzes demonstrate that MPK4 and MPK12 serve dif-
ferent roles in plant functions. Introducing MPK12 under the regulation of 
the MPK4 promoter did not successfully restore the growth defect phenotype 
in mpk4 mutant plants, thus MPK4 has an indispensable role in the regu-
lation of plant defense systems. However, introducing MPK4 under the control 
of MPK12 promoter restores the CO2 responses in the mpk12-4 background 
suggesting that MPK12 and MPK4 have overlapping roles in guard cells. 

• The kinase activity of MPK4 and MPK12 remained unchanged in the pre-
sence of CO2/HCO3

– in vitro, indicating that these MAPKs do not directly 
function as CO2 sensors in planta. 

• MPK9 and MPK11 do not play a role in stomatal movements induced by CO2 
changes. 

• The bicarbonate ions can trigger the association between MPK4/12 and HT1, 
leading to the inhibition of HT1 kinase activity. Inhibition of HT1 kinase 
activity subsequently leads to the decrease in CBC1 kinase activity, facili-
tating the initiation of stomatal closure. 

• The MPK12 isoform lacking or enhancing kinase activity alone is effective 
in sensing stomatal CO2 and complementing the in vivo response to stomatal 
CO2 changes. This implies an unforeseen, phosphorylation-independent func-
tion of MAP kinase in planta. 

• The reversible binding between MPK4/MPK12 and HT1 aligns with the 
swift reversibility observed in stomatal opening and closing in leaves when 
exposed to fluctuating CO2 concentrations. 

• Despite the similar kinase activity of HT1-R102K and HT1-A109V to WT 
HT1 kinase, the elevation of CO2 fails to induce a robust interaction between 
these HT1 isoforms and MPK4 and MPK12. The absence of interaction 
allows these HT1 isoforms to remain active even under elevated CO2 condi-
tions, leading to sustained CBC1 kinase activity and consequently a consti-
tutively open stomatal phenotype. The previously unrecognized mutations, 
HT1-G89R and HT1-R173Q, may exert similar, though not identical, effects, 
with the HT1-R173Q effect appearing to be partial, and the HT1-G89R 
potentially influencing kinase activity itself. 
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• Taken together, the recognition of the CO2 sensor involving HT1-MPK4/ 
MPK12 in guard cells and the understanding of the molecular mechanisms 
governing stomatal conductance within the MPK4/12-HT1-CBC1 and CBC2 
CO2 signaling core in this study may pave the way for future precise engi-
neering of plant water use efficiency and carbon assimilation, particularly in 
the light of the ongoing rise in atmospheric CO2 concentrations. 



49 

REFERENCE 

Andrés, Z., Pérez-Hormaeche, J., Leidi, E.O., Schlücking, K., Steinhorst, L., 
McLachlan, D.H., Schumacher, K., Hetherington, A.M., Kudla, J., Cubero, B., 
and Pardo, J.M. (2014). Control of vacuolar dynamics and regulation of stomatal 
aperture by tonoplast potassium uptake. Proc. Natl. Acad. 111. 1806–1814 

Assmann, S.M., Simoncini, L., and Schroeder, J.I. (1985). Blue light activates electro-
genic ion pumping in guard cell protoplasts of Vicia faba. Nature 318: 285–287. 

Bak, G., Lee, E.J., Lee, Y., Kato, M., Segami, S., Sze, H., Maeshima, M., Hwang, 
J.U., and Lee, Y. (2013). Rapid structural changes and acidification of guard cell 
vacuoles during stomatal closure require phosphatidylinositol 3,5-bisphosphate. 
Plant Cell 25: 2202–2216. 

Bensmihen, S., Giraudat, J., and Parcy, F. (2005). Characterization of three homo-
logous basic leucine zipper transcription factors (bZIP) of the ABI5 family during 
Arabidopsis thaliana embryo maturation. J. Exp. Bot. 56: 597–603. 

Berriri, S., Garcia, A.V., dit Frey, N.F., Rozhon, W., Pateyron, S., Leonhardt, N., 
Montillet, J.L., Leung, J., Hirt, H., and Colcombet, J. (2012). Constitutively 
active mitogen-activated protein kinase versions reveal functions of Arabidopsis 
MPK4 in pathogen defense signaling. Plant Cell 24: 4281–4293. 

Blatt, M.R. (1993). K+ channels of stomatal guard cells: Characteristics of the inward 
rectifier and its control by pH. J. Gen. Physiol. 99: 615–644. 

Blatt, M.R. (1990). Potassium channel currents in intact stomatal guard cells: rapid 
enhancement by abscisic acid. Planta 180: 445–455. 

Brandt, B., Brodsky, D.E., Xue, S., Negi, J., Iba, K., Kangasjärvi, J., Ghasse-
mian, M., Stephan, A.B., Hu, H., and Schroeder, J.I. (2012). Reconstitution of 
abscisic acid activation of SLAC1 anion channel by CPK6 and OST1 kinases and 
branched ABI1 PP2C phosphatase action. Proc. Natl. Acad. Sci. 109: 10593–10598. 

Brodersen, P., Petersen, M., Nielsen, H.B., Zhu, S., Newman, M.A., Shokat, K.M., 
Rietz, S., Parker, J., and Mundy, J. (2006). Arabidopsis MAP kinase 4 regulates 
salicylic acid- and jasmonic acid/ethylene-dependent responses via EDS1 and PAD4. 
Plant J. 47: 532–546. 

Cann, M.J., Hammer, A., Zhou, J., and Kanacher, T. (2003). A defined subset of 
adenylyl cyclases is regulated by bicarbonate ion. J. Biol. Chem. 278: 35033–35038. 

Chater, C. et al. (2015). Elevated CO2-Induced Responses in Stomata Require ABA 
and ABA Signaling. Curr. Biol. 25: 2709–2716. 

Chen, Y., Cann, M.J., Litvin, T.N., Iourgenko, V., Sinclair, M.L., Levin, L.R., and 
Buck, J. (2000). Soluble adenylyl cyclase as an evolutionarily conserved bicarbo-
nate sensor. Science 289: 625–628. 

Cheng, C., Wu, Q., Wang, M., Chen, D., Li, J., Shen, J., Hou, S., Zhang, P., Qin, L., 
Acharya, B.R., Lu, X., and Zhang, W. (2023). Maize MITOGEN-ACTIVATED 
PROTEIN KINASE 20 mediates high-temperature–regulated stomatal movement. 
Plant Physiol. 193: 2788–2805. 

Colcombet, J. and Hirt, H. (2008). Arabidopsis MAPKs: A complex signaling net-
work involved in multiple biological processes. Biochem. J. 413: 217–226. 

Cutler, S.R., Rodriguez, P.L., Finkelstein, R.R., and Abrams, S.R. (2010). Abscisic 
acid: Emergence of a core signaling network. Annu. Rev. Plant Biol. 61: 651–679 

Daloso, D.M., Williams, T.C.R., Antunes, W.C., Pinheiro, D.P., Müller, C., Lou-
reiro, M.E., and Fernie, A.R. (2016). Guard cell-specific upregulation of sucrose 



50 

synthase 3 reveals that the role of sucrose in stomatal function is primarily energetic. 
New Phytol. 209: 1470–1483. 

Dittrich, M. et al. (2019). The role of Arabidopsis ABA receptors from the PYR/PYL/ 
RCAR family in stomatal acclimation and closure signal integration. Nat. Plants 5: 
1002–1011. 

Eisenach, C. and De Angeli, A. (2017). Ion transport at the vacuole during stomatal 
movements. Plant Physiol. 174: 520–530. 

Gao, M., Liu, J., Bi, D., Zhang, Z., Cheng, F., Chen, S., and Zhang, Y. (2008). 
MEKK1, MKK1/MKK2 and MPK4 function together in a mitogen-activated protein 
kinase cascade to regulate innate immunity in plants. Cell Res. 18: 1190–1198. 

Gao, X.Q., Li, C.G., Wei, P.C., Zhang, X.Y., Chen, J., and Wang, X.C. (2005). The 
dynamic changes of tonoplasts in guard cells are important for stomatal movement 
in Vicia faba. Plant Physiol. 139: 1207–1216. 

Geiger, D., Scherzer, S., Mumm, P., Stange, A., Marten, I., Bauer, H., Ache, P., 
Matschi, S., Liese, A., Al-Rasheid, K.A.S., Romeis, T., and Hedrich, R. (2009). 
Activity of guard cell anion channel SLAC1 is controlled by drought-stress sig-
naling kinase-phosphatase pair. Proc. Natl. Acad. Sci. 106: 21425–21430. 

Gobert, A., Isayenkov, S., Voelker, C., Czempinski, K., and Maathuis, F.J.M. 
(2007). The two-pore channel TPK1 gene encodes the vacuolar K+ conductance and 
plays a role in K+ homeostasis. Proc. Natl. Acad. 104: 10726–10731. 

Gomi, K., Ogawa, D., Katou, S., Kamada, H., Nakajima, N., Saji, H., Soyano, T., 
Sasabe, M., Machida, Y., Mitsuhara, I., Ohashi, Y., and Seo, S. (2005). A 
mitogen-activated protein kinase NtMPK4 activated by SIPKK is required for 
jasmonic acid signaling and involved in ozone tolerance via stomatal movement in 
tobacco. Plant Cell Physiol. 46: 1902–1914. 

Grabov, A. and Blatt, M.R. (1999). A steep dependence of inward-rectifying potas-
sium channels on cytosolic free calcium concentration increase evoked by hyper-
polarization in guard cells. Plant Physiol. 119: 277–287. 

Grabov, A. and Blatt, M.R. (1998). Membrane voltage initiates Ca2+ waves and poten-
tiates Ca2+ increases with abscisic acid in stomatal guard cells. Proc. Natl. Acad. Sci. 
95: 4778–4783. 

Grabov, A. and Blatt, M.R. (1997). Parallel control of the inward-rectifier K+ channel 
by cytosolic free Ca2+ and pH in Vicia guard cells. Planta 201: 84–95. 

Grabov, A., Leung, J., Giraudat, J., and Blatt, M.R. (1997). Alteration of anion 
channel kinetics in wild-type and abi1-1 transgenic Nicotiana benthamiana guard 
cells by abscisic acid. Plant J. 12: 203–213. 

Gudesblat, G.E., Iusem, N.D., and Morris, P.C. (2006). Guard cell-specific inhibition 
of Arabidopsis MPK3 expression causes abnormal stomatal responses to abscisic 
acid and hydrogen peroxide. New Phytol. 173: 713–721. 

Guo, F.Q., Young, J., and Crawford, N.M. (2003). The nitrate transporter AtNRT1.1 
(CHL1) functions in stomatal opening and contributes to drought susceptibility in 
Arabidopsis. Plant Cell 15: 107–117. 

Hamel, L.P. et al. (2006). Ancient signals: comparative genomics of plant MAPK and 
MAPKK gene families. Trends Plant Sci. 11: 192–198. 

Hashimoto-Sugimoto, M., Higaki, T., Yaeno, T., Nagami, A., Irie, M., Fujimi, M., 
Miyamoto, M., Akita, K., Negi, J., Shirasu, K., Hasezawa, S., and Iba, K. (2013). 
A Munc13-like protein in Arabidopsis mediates H+-ATPase translocation that is 
essential for stomatal responses. Nat. Commun. 4: 1–7. 



51 

Hashimoto-Sugimoto, M., Negi, J., Monda, K., Higaki, T., Isogai, Y., Nakano, T., 
Hasezawa, S., and Iba, K. (2016). Dominant and recessive mutations in the 
Raf-like kinase HT1 gene completely disrupt stomatal responses to CO2 in Ara-
bidopsis. J. Exp. Bot. 67: 3251–3261. 

Hashimoto, M., Negi, J., Young, J., Israelsson, M., Schroeder, J.I., and Iba, K. 
(2006). Arabidopsis HT1 kinase controls stomatal movements in response to CO2. 
Nat. Cell Biol. 8: 391–397. 

He, J. et al. (2018). The BIG protein distinguishes the process of CO2-induced stomatal 
closure from the inhibition of stomatal opening by CO2. New Phytol. 218: 232–241. 

Hiyama, A., Takemiya, A., Munemasa, S., Okuma, E., Sugiyama, N., Tada, Y., 
Murata, Y., and Shimazaki, K.I. (2017). Blue light and CO2 signals converge to 
regulate light-induced stomatal opening. Nat. Commun. 8: 1–12. 

Hõrak, H. et al. (2016). A Dominant Mutation in the HT1 Kinase Uncovers Roles of 
MAP Kinases and GHR1 in CO2-Induced Stomatal Closure. Plant Cell 28: 
2493–2509. 

Hu, H., Boisson-dernier, A., Israelsson-nordström, M., Xue, S., Ries, A., Godoski, J., 
Kuhn, J.M., and Julian, I. (2010). Carbonic Anhydrases are Upstream Regulators 
in Guard Cells of. Nat. Cell Biol. 12: 1–18. 

Hua, D., Wang, C., He, J., Liao, H., Duan, Y., Zhu, Z., Guo, Y., Chen, Z., and 
Gong, Z. (2012). A plasma membrane receptor kinase, GHR1, mediates abscisic acid- 
and hydrogen peroxide-regulated stomatal movement in Arabidopsis. Plant Cell 24: 
2546–2561. 

Ichimura, K. et al. (2002). Mitogen-activated protein kinase cascades in plants: A new 
nomenclature. Trends Plant Sci. 7: 301–308. 

Islam, M.M., Munemasa, S., Hossain, M.A., Nakamura, Y., Mori, I.C., and Murata, Y. 
(2010). Roles of AtTPC1, vacuolar two pore channel 1, in arabidopsis stomatal 
closure. Plant Cell Physiol. 51: 302–311. 

Isner, J.C., Begum, A., Nuehse, T., Hetherington, A.M., and Maathuis, F.J.M. 
(2018). KIN7 Kinase Regulates the Vacuolar TPK1 K+ Channel during Stomatal 
Closure. Curr. Biol. 28: 466–472.e4. 

Jakobson, L. et al. (2016). Natural Variation in Arabidopsis Cvi-0 Accession Reveals 
an Important Role of MPK12 in Guard Cell CO2 Signaling. PLoS Biol. 14: 1–25. 

Jammes, F. et al. (2009). MAP kinases MPK9 and MPK12 are preferentially expressed 
in guard cells and positively regulate ROS-mediated ABA signaling. Proc. Natl. 
Acad. Sci. 106: 20520–20525. 

Jammes, F., Yang, X., Xiao, S., and Kwak, J.M. (2011). Two arabidopsis guard cell- 
preferential MAPK genes, MPK9 and MPK12, function in biotic stress response. 
Plant Signal. Behav. 6: 1875–1877. 

Jezek, M. and Blatt, M.R. (2017). The membrane transport system of the guard cell 
and its integration for stomatal dynamics. Plant Physiol. 174: 487–519. 

Jonak, C., Ökrész, L., Bögre, L., and Hirt, H. (2002). Complexity, cross talk and 
integration of plant MAP kinase signaling. Curr. Opin. Plant Biol. 5: 415–424. 

Jumper, J. et al. (2021). Highly accurate protein structure prediction with AlphaFold. 
Nature 596: 583–589. 

Kamiyama, Y. et al. (2021). Arabidopsis group C Raf-like protein kinases negatively 
regulate abscisic acid signaling and are direct substrates of SnRK2. Proc. Natl. Acad. 
Sci. 118: 1–9. 

Katsuta, S., Masuda, G., Bak, H., Shinozawa, A., Kamiyama, Y., Umezawa, T., 
Takezawa, D., Yotsui, I., Taji, T., and Sakata, Y. (2020). Arabidopsis Raf-like 



52 

kinases act as positive regulators of subclass III SnRK2 in osmostress signaling. 
Plant J. 103: 634–644. 

Kinoshita, T. and Shimazaki, K.I. (1999). Blue light activates the plasma membrane 
H+–ATPase by phosphorylation of the C-terminus in stomatal guard cells. EMBO J. 
18: 5548–5558. 

Latz, A., Becker, D., Hekman, M., Müller, T., Beyhl, D., Marten, I., Eing, C., 
Fischer, A., Dunkel, M., Bertl, A., Rapp, U.R., and Hedrich, R. (2007). TPK1, a 
Ca2+-regulated Arabidopsis vacuole two-pore K+ channel is activated by 14-3-3 
proteins. Plant J. 52: 449–459. 

Latz, A., Mehlmer, N., Zapf, S., and Mueller, T.D. (2013). Salt Stress Triggers 
Phosphorylation of the Arabidopsis Vacuolar K+ Channel TPK1 by Calcium- 
Dependent Protein Kinases ( CDPKs ). Mol. Plant. 6: 1274–1289. 

Lebaudy, A., Vavasseur, A., Hosy, E., Dreyer, I., Leonhardt, N., Thibaud, J.B., 
Véry, A.A., Simonneau, T., and Sentenac, H. (2008). Plant adaptation to fluc-
tuating environment and biomass production are strongly dependent on guard cell 
potassium channels. Proc. Natl. Acad. Sci. 105: 5271–5276. 

Lee, S.C., Lan, W., Buchanan, B.B., and Luan, S. (2009). A protein kinase- 
phosphatase pair interacts with an ion channel to regulate ABA signaling in plant 
guard cells. Proc. Natl. Acad. Sci. 106: 21419–21424. 

Lee, Y., Kim, Y.J., Kim, M.H., and Kwak, J.M. (2016). MAPK cascades in guard cell 
signal transduction. Front. Plant Sci. 7: 1–8. 

Li, K., Yang, F., Zhang, G., Song, S., Li, Y., Ren, D., Miao, Y., and Song, C.P. 
(2017). AIK1, a mitogen-activated protein Kinase, modulates abscisic acid re-
sponses through the MKK5-MPK6 kinase cascade. Plant Physiol. 173: 1391–1408. 

Li, Y., Zhang, S., Zou, Y., Yuan, L., Cheng, M., Liu, J., Zhang, C., and Chen, Y. 
(2023). Red light-upregulated MPK11 negatively regulates red light-induced 
stomatal opening in Arabidopsis. Biochem. Biophys. Res. Commun. 638: 43–50. 

Lin, C. and Chen, S. (2018). New functions of an old kinase MPK4 in guard cells. 
Plant Signal. Behav. 13: 1–4. 

Lin, Z. et al. (2020). A RAF-SnRK2 kinase cascade mediates early osmotic stress 
signaling in higher plants. Nat. Commun. 11. 

Lin, Z. et al. (2021). Initiation and amplification of SnRK2 activation in abscisic acid 
signaling. Nat. Commun. 12: 1–13. 

Liu, L., Ashraf, M.A., Morrow, T., and Facette, M. (2024). Stomatal closure in 
maize is mediated by subsidiary cells and the PAN2 receptor. New Phytol. 241: 
1130–1143. 

Lozano-Juste, J., Alrefaei, A.F., and Rodriguez, P.L. (2020). Plant Osmotic Stress 
Signaling: MAPKKKs Meet SnRK2s. Trends Plant Sci. 25: 1179–1182. 

Ma, Y., Szostkiewicz, I., Korte, A., Moes, D., Yang, Y., Christmann, A., and Grill, 
E. (2009). Regulators of PP2C phosphatase activity function as abscisic acid sensors. 
Science. 324: 1064–1069. 

Marais Des, D.L., Auchincloss, L.C., Sukamtoh, E., McKay, J.K., Logan, T., 
Richards, J.H., and Juenger, T.E. (2014). Variation in MPK12 affects water use 
efficiency in Arabidopsis and reveals a pleiotropic link between guard cell size and 
ABA response. Proc. Natl. Acad. Sci. 111: 2836–2841. 

Marten, H., Hyun, T., Gomi, K., Seo, S., Hedrich, R., and Roelfsema, M.R.G. 
(2008). Silencing of NtMPK4 impairs CO2-induced stomatal closure, activation of 
anion channels and cytosolic Ca2+ signals in Nicotiana tabacum guard cells. Plant J. 
55: 698–708. 



53 

Matrosova, A., Bogireddi, H., Mateo-Peñas, A., Hashimoto-Sugimoto, M., Iba, K., 
Schroeder, J.I., and Israelsson-Nordström, M. (2015). The HT1 protein kinase is 
essential for red light-induced stomatal opening and genetically interacts with OST1 
in red light and CO2-induced stomatal movement responses. New Phytol. 208: 
1126–1137. 

McLachlan, D.H., Lan, J., Geilfus, C.M., Dodd, A.N., Larson, T., Baker, A., 
Hõrak, H., Kollist, H., He, Z., Graham, I., Mickelbart, M.V., and Hetherington, 
A.M. (2016). The Breakdown of Stored Triacylglycerols is Required during Light- 
Induced Stomatal Opening. Curr. Biol. 26: 707–712. 

Merlot, S., Leonhardt, N., Fenzi, F., Valon, C., Costa, M., Piette, L., Vavasseur, A., 
Genty, B., Boivin, K., Müller, A., Giraudat, J., and Leung, J. (2007). Consti-
tutive activation of a plasma membrane H+-ATPase prevents abscisic acid-mediated 
stomatal closure. EMBO J. 26: 3216–3226. 

Meyer, S., Mumm, P., Imes, D., Endler, A., Weder, B., Al-Rasheid, K.A.S., 
Geiger, D., Marten, I., Martinoia, E., and Hedrich, R. (2010). AtALMT12 rep-
resents an R-type anion channel required for stomatal movement in Arabidopsis 
guard cells. Plant J. 63: 1054–1062. 

Mitula, F., Tajdel, M., Cies̈la, A., Kasprowicz-Malus̈ki, A., Kulik, A., Babula- 
Skowrońska, D., Michalak, M., Dobrowolska, G., Sadowski, J., and Ludwików, A. 
(2015). Arabidopsis ABA-Activated Kinase MAPKKK18 is Regulated by Protein 
Phosphatase 2C ABI1 and the Ubiquitin-Proteasome Pathway. Plant Cell Physiol. 56: 
2351–2367. 

Movahedi, M., Zoulias, N., Casson, S.A., Sun, P., Liang, Y.K., Hetherington, A.M., 
Gray, J.E., and Chater, C.C.C. (2021). Stomatal responses to carbon dioxide and 
light require abscisic acid catabolism in Arabidopsis. Interface Focus 11. 20200036 

Nakamura, R.L. et al. (1995). Expression of an Arabidopsis potassium channel gene in 
guard cells. Plant Physiol. 109: 371–374. 

Nambara, E. and Marion-Poll, A. (2005). Abscisic acid biosynthesis and catabolism. 
Annu. Rev. Plant Biol. 56: 165–185. 

Ohkuma, K., Lyon, J.L., Addicott, F.T., and Smith, O.E. (1963). Abscisin II, an 
abscission-accelerating substance from young cotton fruit. Science. 142: 1592–1593. 

Okamoto, M., Tanaka, Y., Abrams, S.R., Kamiya, Y., Seki, M., and Nambara, E. 
(2009). High humidity induces abscisic acid 8′-hydroxylase in stomata and vascu-
lature to regulate local and systemic abscisic acid responses in Arabidopsis. Plant 
Physiol. 149: 825–834. 

Park, S.S.-Y. et al. (2009). Abscisic Acid Inhibits Type 2C. Science. 324: 1068–1069. 
Peiter, E. (2011). The plant vacuole: Emitter and receiver of calcium signals. Cell 

Calcium 50: 120–128. 
Petersen, M. et al. (2000). Arabidopsis MAP kinase 4 negatively regulates systemic 

acquired resistance. Cell 103: 1111–1120. 
Pilot, G., Lacombe, B., Gaymard, F., Chérel, I., Boucherez, J., Thibaud, J.B., and 

Sentenac, H. (2001). Guard Cell Inward K+ Channel Activity in Arabidopsis 
Involves Expression of the Twin Channel Subunits KAT1 and KAT2. J. Biol. Chem. 
276: 3215–3221. 

Qiu, J.L. et al. (2008). Arabidopsis MAP kinase 4 regulates gene expression through 
transcription factor release in the nucleus. EMBO J. 27: 2214–2221. 

Ranf, S., Wünnenberg, P., Lee, J., Becker, D., Dunkel, M., Hedrich, R., Scheel, D., 
and Dietrich, P. (2008). Loss of the vacuolar cation channel, AtTPC1, does not 
impair Ca2+ signals induced by abiotic and biotic stresses. Plant J. 53: 287–299. 



54 

Santiago, J., Dupeux, F., Round, A., Antoni, R., Park, S.Y., Jamin, M., Cutler, S.R., 
Rodriguez, P.L., and Márquez, J.A. (2009). The abscisic acid receptor PYR1 in 
complex with abscisic acid. Nature 462: 665–668. 

Schachtman, D.P., Schroeder, J.I., Lucas, W.J., Anderson, J.A., and Gaber, R.F. 
(1992). Expression of an inward-rectifying potassium channel by the Arabidopsis 
KAT1 cDNA. Science. 258: 1654–1658. 

Schmidt, C., Schelle, I., Liao, Y.-J., and Schroeder, J.I. (1995). Strong regulation of 
slow anion channels and abscisic acid signaling in guard cells by phosphorylation 
and dephosphorylation events. Proc. Natl. Acad. Sci. 92: 9535–9539. 

Schroeder, J.I., Raschke, K., and Neher, E. (1987). Voltage dependence of K+ 
channels in guard-cell protoplasts. Proc. Natl. Acad. Sci. 84: 4108–4112. 

Schulze, S. et al. (2021). A role for calcium-dependent protein kinases in differential 
CO2- and ABA-controlled stomatal closing and low CO2-induced stomatal opening 
in Arabidopsis. New Phytol. 229: 2765–2779. 

Sierla, M. et al. (2018). The receptor-like pseudokinase GHR1 is required for stomatal 
closure. Plant Cell 30: 2813–2837 

Su, J., Zhang, M., Zhang, L., Sun, T., Liu, Y., Lukowitz, W., Xu, J., and Zhang, S. 
(2017). Regulation of stomatal immunity by interdependent functions of a 
pathogen-responsive MPK3/MPK6 cascade and abscisic acid. Plant Cell 29: 
526–542. 

Suhita, D., Raghavendra, A.S., Kwak, J.M., and Vavasseur, A. (2004). Cytoplasmic 
alkalization precedes reactive oxygen species production during methyl jasmonate- 
and abscisic acid-induced stomatal closure. Plant Physiol. 134: 1536–1545. 

Sun, Z., Feng, Z., Ding, Y., Qi, Y., Jiang, S., Li, Z., Wang, Y., Qi, J., Song, C., 
Yang, S., and Gong, Z. (2022). RAF22, ABI1 and OST1 form a dynamic inter-
active network that optimizes plant growth and responses to drought stress in Ara-
bidopsis. Mol. Plant 15: 1192–1210. 

Takahashi, Y., Zhang, J., Hsu, P.K., Ceciliato, P.H.O., Zhang, L., Dubeaux, G., 
Munemasa, S., Ge, C., Zhao, Y., Hauser, F., and Schroeder, J.I. (2020). MAP3-
Kinase-dependent SnRK2-kinase activation is required for abscisic acid signal 
transduction and rapid osmotic stress response. Nat. Commun. 11. 

Tian, W. et al. (2015). A molecular pathway for CO2 response In Arabidopsis guard 
cells. Nat. Commun. 6. 

Townsend, P.D., Holliday, P.M., Fenyk, S., Hess, K.C., Gray, M.A., Hodgson, 
D.R.W., and Cann, M.J. (2009). Stimulation of mammalian G-protein-responsive 
adenylyl cyclases by carbon dioxide. J. Biol. Chem. 284: 784–791. 

Umezawa, T., Sugiyama, N., Mizoguchi, M., Hayashi, S., Myouga, F., Yamaguchi- 
Shinozaki, K., Ishihama, Y., Hirayama, T., and Shinozaki, K. (2009). Type 2C 
protein phosphatases directly regulate abscisic acid-activated protein kinases in 
Arabidopsis. Proc. Natl. Acad. Sci. 106: 17588–17593. 

Vahisalu, T., Kollist, H., Wang, Y.F., Nishimura, N., Chan, W.Y., Valerio, G., 
Lamminmäki, A., Brosché, M., Moldau, H., Desikan, R., Schroeder, J.I., and 
Kangasjärvi, J. (2008). SLAC1 is required for plant guard cell S-type anion 
channel function in stomatal signaling. Nature 452: 487–491. 

Wang, C., Hu, H., Qin, X., Zeise, B., Xu, D., Rappel, W.J., Boron, W.F., and 
Schroeder, J.I. (2015). Reconstitution of CO2 regulation of SLAC1 anion channel 
and function of CO2-permeable PIP2;1 aquaporin as CARBONIC ANHYDRASE4 
interactor. Plant Cell 28: 568–582. 



55 

Wang, H. et al. (2023). Cell type-specific proteomics uncovers a RAF15-SnRK2.6/ 
OST1 kinase cascade in guard cells. J. Integr. Plant Biol. 65: 2122–2137. 

Webb, A.A.R. and Hetherington, A.M. (1997). Convergence of the abscisic acid, CO2, 
and extracellular calcium signal transduction pathways in stomatal guard cells. Plant 
Physiol. 114: 1557–1560. 

Webb, A.A.R., McAinsh, M.R., Mansfield, T.A., and Hetherington, A.M. (1996). 
Carbon dioxide induces increases in guard cell cytosolic free calcium. Plant J. 9: 
297–304. 

Xing, Y., Jia, W., and Zhang, J. (2008). AtMKK1 mediates ABA-induced CAT1 ex-
pression and H2O2 production via AtMPK6-coupled signaling in Arabidopsis. 
Plant J. 54: 440–451. 

Xue, S., Hu, H., Ries, A., Merilo, E., Kollist, H., and Schroeder, J.I. (2011). Central 
functions of bicarbonate in S-type anion channel activation and OST1 protein kinase 
in CO2 signal transduction in guard cell. EMBO J. 30: 1645–1658. 

Yanagawa, Y., Yoda, H., Osaki, K., Amano, Y., Aono, M., Seo, S., Kuchitsu, K., 
and Mitsuhara, I. (2016). Mitogen-activated protein kinase 4-like carrying an MEY 
motif instead of a TXY motif is involved in ozone tolerance and regulation of sto-
matal closure in tobacco. J. Exp. Bot. 67: 3471–3479. 

Yoshida, T., Fujita, Y., Sayama, H., Kidokoro, S., Maruyama, K., Mizoi, J., 
Shinozaki, K., and Yamaguchi-Shinozaki, K. (2010). AREB1, AREB2, and ABF3 
are master transcription factors that cooperatively regulate ABRE-dependent ABA 
signaling involved in drought stress tolerance and require ABA for full activation. 
Plant J. 61: 672–685. 

Zhang, T.Y., Li, F.C., Fan, C.M., Li, X., Zhang, F.F., and He, J.M. (2017). Role and 
interrelationship of MEK1-MPK6 cascade, hydrogen peroxide and nitric oxide in 
darkness-induced stomatal closure. Plant Sci. 262: 190–199. 

 
 
 



56 

SUMMARY IN ESTONIAN 

MPK ja HT1 kinaaside iseloomustamine CO2-toimelises 
õhulõhede liikumistes 

Taimed omastavad atmosfääri süsinikdioksiidi (CO2) fotosünteesi käigus ja 
varustavad seeläbi toidu ja kiudainetega peaaegu kõiki mitteautotroofseid orga-
nisme. Lisaks mängib CO2 olulist rolli signaalimolekulina, mida kasutavad 
erinevad organismid erinevates olukordades. 

Õhulõhed on mikroskoopilised, kahest sulgrakust moodustuvad poorid taime-
lehtede pinnal. Sulgrakud tajuvad muudatusi nii taime kasvukeskkonnas kui ka 
taime sees ja rakendavad saadud teavet õhulõhede avatuse reguleerimiseks. Foto-
sünteesis assimileeritav atmosfääri CO2 pääseb taime läbi avatud õhulõhede, 
samas väljub fotosünteesi käigus vabanev hapnik ja toimub transpiratsioon e. 
vee aurumine atmosfääri taimede pinnalt. Pidevalt muutuvates keskkonna-
tingimustes peavad taime sulgrakkude sensorsüsteemid leidma tasakaalu CO2 
sissepääsu ja transpiratsioonilise vee kaotamise vahel. Sulgrakud on võimelised 
avanema ja sulguma sõltuvalt CO2 kontsentratsiooni muutumisest, sõltuvalt 
valgustingimustest, õhu niiskuse sisaldusest ja reaktsioonina patogeenidele. 
Kliimamuutuste tõttu on atmosfääri CO2 tase jätkuvalt kasvav ja see viib õhu-
lõhede osalise sulgumiseni, mis võib vähendada taimede vee kaotamist trans-
piratsiooni teel, aga ka pidurdada fotosünteesi ja taimede kasvu. Seetõttu on 
oluline selgitada õhulõhede CO2 tajumise mehhanismi, kuna see reguleerib nii 
taime veekasutuse efektiivsust kui ka süsiniku ringlust ökosüsteemides.  

Sulgrakkude CO2 tajumise peamine mehhanism ei olnud käesoleva projekti 
alustamisel selge. Korduvalt on näidatud, et valkude fosforüülimisel on keskne 
roll sulgrakkude molekulaarsete mehhanismise käivitamisel ja õhulõhede ava-
nemise ja sulgemise kontrollimisel. Meie ja teiste varasemad uuringud näitasid, 
et mitogeeni poolt aktiveeritava kinaasi MPK12 ja Raf-tüüpi kinaasi HT1 vahe-
line interaktsioon on oluline õhulõhede avatuse reguleerimisel vastusena CO2 
kontsentratsiooni muutustele. 

Käesolevas töös kasutasime geneetilisi, biokeemilisi ja valgu struktuuri 
modelleerimise meetodeid, et uurida MPK12 katalüütilist ja mittekatalüütilist 
funktsiooni sulgrakkude CO2-toimelises signaaliülekandes, mis hõlmab HT1 
kinaasi aktiivsuse inhibeerimist. Demonstreerisime, et kõrgem CO2 tase kutsub 
esile MAP kinaaside MPK4/MPK12 ja HT1 interaktsiooni, mis viib HT1 kinaasi 
aktiivsuse pärssimiseni. Madala CO2 tingimustes fosforüülib ja aktiveerib HT1 
teist Raf-kinaasi CBC1, mis toimib sulgumisel negatiivse regulaatorina. Tuvas-
tasime füsioloogiliselt olulised amino happed CBC1 valgus, mida fosforüleerib 
HT1.  

Geneetilise sõeluuringu käigus leidsime mitmeid dominantse iseloomuga 
mutatsioone HT1 valgus, mis kutsuvad esile sulgrakkude CO2 tajumise kadumise 
ja oluliselt avatumad õhulõhed. Näitasime, et dominantsed HT1 mutatsioonid 
takistavad CO2/vesinikbikarbonaadi poolt indutseeritud MPK4/12 ja HT1 vahelist 
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interaktsiooni ja HT1 inhibeerimist. Selgitasime HT1:MPK12 interaktsiooni 
kasutades antud valgukompleksi struktuuri modelleerimist AlphaFold2 abil. 

Meie tulemused näitasid, et MPK12 kinaasi aktiivsus ei ole vajalik CO2 sen-
sori toimimiseks ega ka HT1 pärssimiseks ja sellele järgnevaks CO2 poolt põhjus-
tatud õhulõhede sulgumiseks. Esitatud tulemused näitavad, et MPK4/12 ja HT1 
vaheline interaktsioon toimib peamise CO2 sensorina sulgrakkudes. 

Sulgrakkude CO2 sensori kirjeldamine ja MPK4/12-HT1-CBC1 CO2 signaali-
ülekande mehhanismi selgitamine sillutab teed sordiaretuslikule tööle, mille ees-
märk on suurendada taimede veekasutuse efektiivsust ja süsiniku omastamist 
muutuvas kliimas. 
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