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Summary 

Stomata are the major gates in plant leaf that allow water and gas exchange, which is essential 

for plant transpiration and photosynthesis. Stomatal movement is mainly controlled by the ion 

channels and transporters in guard cells. In Arabidopsis, the inward Shaker K
+
 channels, such as 

KAT1 and KAT2, are responsible for stomatal opening. However, the characterization of inward 

K
+
 channels in maize guard cells is limited. In the present study, we identified two KAT1-like 

Shaker K
+
 channels, KZM2 and KZM3, which were highly expressed in maize guard cells. 

Subcellular analysis indicated that KZM2 and KZM3 can localize at the plasma membrane (PM). 

Electrophysiological characterization in HEK293 cells revealed that both KZM2 and KZM3 

were inward K
+
 (Kin) channels, but showing distinct channel kinetics. When expressed in 

Xenopus oocytes, only KZM3, but not KZM2, can mediate inward K
+
 currents. However, KZM2 

can interact with KZM3 forming heteromeric Kin channel. In oocytes, KZM2 inhibited KZM3 

channel conductance and negatively shifted the voltage dependence of KZM3. The activation of 

KZM2-KZM3 heteromeric channel became slower than the KZM3 channel. Patch-clamping 

results showed that the inward K
+
 currents of maize guard cells were significantly increased in 

the KZM2 RNAi lines. In addition, the RNAi lines exhibited faster stomatal opening after light 

exposure. In conclusion, the presented results demonstrate that KZM2 functions as a negative 

regulator to modulate the Kin channels in maize guard cells. KZM2 and KZM3 may form 

heteromeric Kin channel and control stomatal opening in maize. 
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Introduction 

In plants, stomata serve as the major pathway for water and gas exchange, which controls both 

leaf transpiration and photosynthesis. Stomatal apertures/movement is tightly regulated during 

plant response to external environments, such as water, light, and CO2 conditions. This process is 

exerted by a pair of guard cells surrounding the stomatal pore. It has been known that the turgor 

change in guard cells controls stomatal movement, which is modulated by ion channels and 

transporters (Raschke and Fellows, 1971; Zeiger, 1983; Shimazaki et al., 2007; Ward et al., 2009; 

Kim et al., 2010; Hedrich, 2012; Murata et al., 2015). 

Many environmental signals (such as drought, high CO2, high ozone) could induce stomatal 

closing (Kim et al., 2010; Murata et al., 2015). During these processes, ROS and Ca
2+

 signaling 

are generated in guard cell cytoplasm, which activates anion channels (SLAC1, SLAH3, QUAC1 

etc.) leading to the efflux of Cl
-
 and malate (Vahisalu et al., 2008; Meyer et al., 2010; Geiger et 

al., 2011; Assmann and Jegla, 2016). Then, anion efflux causes membrane depolarization and 

drives K
+
 efflux through outward rectifying K

+
 channels (such as GORK) (Becker et al., 2003; 

Hosy et al., 2003; Ward et al., 2009; Hedrich, 2012). During stomatal opening, light activates the 

proton pumps at the plasma membrane (PM) leading to membrane hyperpolarization and 

external acidification, which activates inward rectifying K
+
 (Kin) channels (Zeiger, 1983; 

Shimazaki et al., 2007; Ward et al., 2009). The K
+
 influx across the guard cell plasma membrane 

results in stomatal opening (Schroeder et al., 1987; Blatt, 1992; Fairley-Grenot and Assmann, 

1992; Shimazaki et al., 2007). 
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In Arabidopsis, at least four Shaker K
+
 channel family members, KAT1, KAT2, AKT1, and 

AKT2, representing Kin channel genes, are expressed in kidney-shaped guard cells (Kwak et al., 

2001; Szyroki et al., 2001; Ivashikina et al., 2005; Lebaudy et al., 2007; Lebaudy et al., 2008b). 

Disruption of KAT1 or KAT2, the dominating Kin channel genes in guard cells, only partially 

affected Kin currents across guard cell plasma membrane, and did not cause apparent phenotypes 

due to functional compensation of other Kin channels (Szyroki et al., 2001; Lebaudy et al., 

2008b). Therefore, Kin channels in guard cells are functional redundant. 

Previous reports have revealed that Shaker K
+
 channel -subunits can assembly together 

and form homotetrameric or heterotetrameric K
+
 channels in plant cells. The conserved KHA 

domain in C-terminus of Shaker channel subunit is essential for interaction and assembly of 

different channel subunits (Daram et al., 1997; Ehrhardt et al., 1997; Zimmermann et al., 2001; 

Naso et al., 2009). Heterotetramerization of K
+
 channels increases channel diversity, which is 

one of the most important mechanisms for channel regulation in plants (Dreyer et al., 1997; Naso 

et al., 2006; Jeanguenin et al., 2008; Lebaudy et al., 2008a). It has been reported that guard cell 

Kin channels (KAT1, KAT2, AKT1, and AKT2) can form heteromeric K
+
 channels with each 

other (Baizabal-Agyurre et al., 1999; Pilot et al., 2001; Xicluna et al., 2006; Lebaudy et al., 

2007). In addition, a silent Shaker channel -subunit AtKC1 is also expressed in guard cells, and 

can assembly with these four channels forming heteromeric K
+
 channels (Duby et al., 2008; 

Wang et al., 2010; Jeanguenin et al., 2011). AtKC1 behaves as a general modulator of Shaker Kin 

channels, reducing channel conductance and negatively shifting activation threshold of these Kin 

channels (Duby et al., 2008; Wang et al., 2010; Jeanguenin et al., 2011; Wang et al., 2016). In 
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rice, the Shaker channel genes OsKAT2 and OsKAT3 are expressed in guard cells, and the silent 

OsKAT3 could interact with and negatively regulate OsKAT2 channel activity (Hwang et al., 

2013; Moon et al., 2017). Therefore, these Kin channels synergistically control stomatal opening, 

but the detailed mechanisms are still unclear. 

In maize (Zea mays), a pair of dumbbell-shaped guard cells together with the flanking 

subsidiary cells forms stomatal complex, in which the transmembrane flux of K
+
 and Cl

-
 from 

subsidiary cells into guard cells mediates stomatal opening, while the converse transport leads to 

stomatal closing (Raschke and Fellows, 1971). So far, some Kin channels have been identified in 

maize. For example, ZMK1 and ZMK2 are involved in coleoptile growth and gravitropism 

(Philippar et al., 1999). But only one Shaker Kin channel KZM1/ZmK2.1, an Arabidopsis KAT1 

ortholog, is suggested to function in maize guard cells (Philippar et al., 2003; Su et al., 2005). 

Another KAT1 close member KZM2 is highly expressed in maize guard cells. KZM2 was 

predicted to be one of K
+
 uptake channels that mediate stomatal opening (Büchsenschütz et al., 

2005), however whose function is unknown. 

In the present study, we functionally characterized the KZM2 as well as another unexplored 

Shaker K
+
 channel KZM3. Both KZM2 and KZM3 are voltage-dependent inward rectifying K

+
 

channels, however they have distinct channel kinetics and properties. KZM2 and KZM3 can 

form heteromeric Kin channel with new features. KZM2 may function as a negative regulator to 

modulate other Kin channels in maize guard cells. These Kin channels may work together to 

control stomatal opening in maize. 
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Results 

KZM2 and KZM3 Encode KAT1-like Shaker K
+
 Channels in Maize 

Inward K
+
 channels, especially KAT1-like channels, play essential roles in stomatal opening in 

Arabidopsis. To identify the important K
+
 channels that are involved in maize stomatal 

movement, phylogenetic analysis was performed. Four KAT1-like Shaker K
+
 channels were 

found in maize B73 inbred line (Figure 1a). Two of them (GRMZM2G081666 and 

GRMZM2G093313) showed high amino acid similarity with the previously reported channels 

KZM1/ZmK2.1 and KZM2, respectively (Table S1) (Philippar et al., 2003; Büchsenschütz et al., 

2005; Su et al., 2005). It is suggested that they are allelic genes of KZM1/ZmK2.1 and KZM2 in 

B73. The other two channels have not been reported yet. We named these two new channels 

KZM3 (GRMZM2G178356) and KZM4 (GRMZM5G838773), respectively (Table S1). 

All these four KZM channels belong to one clade that is very close to KAT1 and KAT2 

from Arabidopsis (Figure 1a). These four genes have similar structures like KAT1 and KAT2 

(Figure S1a). Compared with KAT1 and KAT2, KZM1 possesses a longer N-terminus, while 

KZM2 has a truncated N-terminus (Figure S1b). All these four KZM channels have the typical 

Shaker K
+
 channel structure, containing six transmembrane domains (S1 to S6), one P-loop 

domain between S5 and S6, one CNBD domain, and one KHA domain (Figure S1b). A 

conserved K
+
-selective hallmark “GYGD” filter was found in the P-loop domain (Figure S1b), 

which suggested these four KZMs should be K
+
-selective channels (Doyle et al., 1998; Chapman 

et al., 2001). Previous studies have reported that KZM1/ZmK2.1 is an ortholog of KAT1, and 

functions as an inward K
+
 channel in leaf epidermis and vascular strands (Philippar et al., 2003; 
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Su et al., 2005). However, the functions of other three KZMs are still unclear. 

Tissue expression analyses revealed that KZM1, KZM2, and KZM3 were dominantly 

expressed in maize leaf and midvein, while KZM4 showed relative low transcript level in both 

root and shoot (Figure 1b and Figure S2). In addition, KZM1, KZM2, and KZM3 were all 

expressed in the abaxial epidermis of leaves, and KZM2 showed highest transcript level (Figure 

S2f). We isolated maize guard cell protoplasts to determine their expression in guard cells. The 

results showed that KZM2 and KZM3 were highly expressed in guard cells compared with KZM1 

and KZM4 (Figure S2g). In addition, the ProKZM2:GUS maize transgenic lines were constructed 

and analyzed. GUS staining also indicated that KZM2 had high expression levels in guard cells 

and leaf vascular tissues (Figure 1c and 1d). These expression data suggested that KZM2 and 

KZM3 may function in guard cells and mediate stomatal movement.  

KZM1 has been reported before (Philippar et al., 2003; Su et al., 2005), and KZM4 is almost 

not expressed in maize leaf, thus we mainly investigated the functions of KZM2 and KZM3 in 

this study. To analyze the K
+
 transport activity of KZM2 and KZM3, the auxotrophic yeast 

mutant strain R5421 (trk1, trk2) and its wild-type strain R757 (Gaber et al., 1988; Nakamura 

et al., 1997) were used. As shown in Figure 1e, expression of KZM3 can complement the growth 

defect of R5421 mutant when the K
+
 concentration in medium was over 0.3 mM, suggesting its 

K
+
 transport activity. While KZM2 exhibited weak K

+
 uptake capacity compared with KZM3 

(Figure 1e). KZM2-GFP and KZM3-GFP were transformed into R5421, whose expression were 

verified by GFP fluorescence. Both of them showed similar K
+
 uptake capacity as KZM2 and 

KZM3, respectively (Figure S3). 
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KZM2 and KZM3 Function as Inward Rectifying K
+
 Channels 

Electrophysiological characterization in Xenopus oocytes showed that KZM2 did not exhibit K
+
 

channel activity in the tested voltage range (Figure 2a and 2b). However, KZM3 mediated 

voltage-activated and time-dependent inward K
+
 currents under hyperpolarization conditions 

(Figure 2a and 2b), which indicated that KZM3 is an inward rectifying K
+
 (Kin) channel. The half 

activation voltage (V1/2) of KZM3 was -49.0±1.7 mV. 

In addition, KZM2 and KZM3 were also characterized in HEK293 cells. It was surprising 

that after expression of KZM2 in HEK293 cells, the inward K
+
 currents could be recorded under 

hyperpolarization conditions (Figure 2c and 2d). It is suggested that KZM2 can function as a 

voltage-dependent Kin channel. As shown in Figure 2e and 2f, KZM3 still acted as a 

voltage-activated Kin channel. However, we noticed that KZM2 and KZM3 exhibited different 

kinetics in HEK293 cells, including half activation voltage (V1/2) and activation time constant (). 

The half activation voltage of KZM2 (V1/2 KZM2=-200.9±4.9 mV) was much more negative than 

that of KZM3 (V1/2 KZM3=-71.6±3.3 mV) (Figure 2g). In addition, the activation time of KZM2 

was much longer than that of KZM3 (Figure 2h), which suggested that activation of KZM2 is 

slower than KZM3. 

 

KZM2 Negative Regulates KZM3 Channel Activity by Forming Heteromeric K
+
 Channel 

In plants, four Shaker K
+
 channel -subunits could assemble and form an intact K

+
 channel 

(Jeanguenin et al., 2008; Lebaudy et al., 2008a). In this study, we also tested whether KZM2 and 

KZM3 may form heteromeric K
+
 channels. First, the subcellular localization and protein 
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interaction of KZM2 and KZM3 were tested. After expressed in tobacco (Nicotiana benthamiana) 

leaves, KZM2-GFP and KZM3-GFP co-localized with the PM marker CBLn-OFP (Figure 3a) 

and the ER marker mCherry-HDEL (Figure 3b), suggesting that KZM2 and KZM3 are located at 

the PM and ER. In addition, part of KZM2-GFP can localize in nucleus (Figure S4). BiFC assay 

in tobacco leaves revealed that KZM2 and KZM3 could interact with each other at the PM 

(Figure 3c), suggesting they may form heteromeric K
+
 channels at the PM. As shown in Figure 

3d, this protein interaction was further confirmed using yeast-two hybrid method based on 

split-ubiquitin system that is used for membrane proteins (Grefen and Blatt, 2012). 

Functional characterization of KZM2-KZM3 heteromeric K
+
 channel was conducted in 

Xenopus oocytes. The results of fluorescence observation suggested that KZM2-mCherry and 

KZM3-GFP could be expressed in oocytes (Figure S5). When KZM2 and KZM3 were 

co-expressed (1:1) in oocytes, inward K
+
 currents could be recorded. However, these currents 

were significantly reduced and exhibited different kinetics compared with the currents mediated 

by KZM3 homomeric channel (Figure 4a and 4b). The activation voltage of KZM2-KZM3 

heteromeric channel (V1/2 KZM2-KZM3=-146.7±5.7 mV) was negatively shifted, while the activation 

time was also increased (Figure 4c and 4d). These results indicated that KZM2 acts as a negative 

regulator and modulates KZM3 channel activity by forming KZM2-KZM3 heteromeric K
+
 

channel. In addition, KZM2 also interacted with KZM1, and exhibited the similar inhibition on 

KZM1 channel activity, perhaps by forming KZM2-KZM1 heteromeric K
+
 channel (Figure S6 

and S7).  
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    To further investigate the assembly of KZM2-KZM3 heterotetramer, KZM2 and KZM3 

were co-expressed in oocytes with different ratios. Along with the increment of KZM2 

proportion (Figure S8a and S8b), the amplitude of inward K
+
 currents were gradually decreased 

(Figure 5a and 5b). However, the negative shift of V1/2 KZM2-KZM3 and the increase of KZM2-KZM3 

ceased when KZM2/KZM3 ratio was over 50% (0.5:1) (Figure 5c and 5d). The protein 

expression levels were verified by Western blot (Figure S8b), and the mCherry/GFP tag did not 

significantly affect channel activities (Figure S8c).  

 

KZM2 Alters the Channel Properties of KZM3 

Heterotetramerization of Shaker subunits generates various K
+
 channels with diverse properties 

(Jeanguenin et al., 2008). In this study, we tested the differences between KZM3 homomeric 

channel and KZM2-KZM3 heteromeric channel. Ion selectivity is one of important intrinsic 

characteristics of channels, which renders guard cell ion selectivity (Schroeder, 1988; Blatt, 

1992). In oocytes, the addition of KZM2 only reduced the current amplitude, but did not affect 

K
+
 selectivity. When external K

+
 concentration was elevated, the inward K

+
 currents of both 

KZM3 and KZM2-KZM3 were gradually increased (Figure 6a and 6b). The measured reversal 

potentials (Vrev) of KZM3 and KZM2-KZM3 at the indicated external K
+
 concentrations 

correlated well with the theoretical K
+
 equilibrium potentials (Figure 6a and 6b). As shown in 

Figure 6c and 6d, both KZM3 channel and KZM2-KZM3 channel had much higher K
+
 

selectivity than any other monovalent cation. However, they exhibited a little permeability for 

NH4
+
 and Rb

+
. These results demonstrated that both KZM3 homotetramer and KZM2-KZM3 
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heterotetramer are K
+
 selective channels. 

Application of the K
+
 channel blocker TEA

+
 in bath solution significantly inhibited the K

+
 

currents of both KZM3 and KZM2-KZM3 channels (Figure 6e and 6f). However, these two 

kinds of channels exhibited different responses to Cs
+
 and Ba

2+
 (K

+
 channel blockers). Cs

+
 and 

Ba
2+

 blocked the KZM3 currents in a voltage-dependent manner, an enhanced block appeared 

under more hyperpolarizing voltages (Figure 6e). KZM2-KZM3 currents can also be inhibited by 

Cs
+
 and Ba

2+
, but this block was regardless of voltages (Figure 6f). 

In addition, KZM3 and KZM2-KZM3 channels exhibited opposite responses to 

extracellular pH. External acidification impaired KZM3 activity, but enhanced KZM2-KZM3 

channel activity (Figure 6g and 6h). Contrarily, external alkalization enhanced KZM3 activity, 

but inhibited KZM2-KZM3 activity (Figure 6g and 6h). The distinctions between KZM3 and 

KZM2-KZM3 channels in blocker- and pH-responses suggested that these two kinds of K
+
 

channels may endow maize guard cells with different physiological properties in response to 

various stimuli. 

 

KZM2 Negatively Modulates Stomatal Opening in Maize 

Since KZM2 was highly expressed in maize guard cells (Figure 1d), the physiological function of 

KZM2 in stomatal movement was further investigated by generating KZM2 RNAi lines. As 

shown in Figure 7a, the transcripts of KZM2 were significantly reduced in the three independent 

RNAi lines (KZM2 RNAi-1, -2, -3) compared with the wild-type maize (B73-329). However, the 

transcript levels of both KZM1 and KZM3 were not affected in these KZM2 RNAi lines (Figure 
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7a). The decline of KZM2 transcription did not affect stomatal density in maize leaves (Figure 

7b). The electrophysiological results have indicated that KZM2 can function as an Kin channel in 

HEK293 cells, we hypothesized that KZM2 may regulate K
+
 influx into guard cells and 

participate in stomatal opening in maize. The stomatal aperture analysis revealed that the 

stomatal opening in the KZM2 RNAi lines was faster than that in B73-329 upon 15 to 30 min 

light exposure (Figure 7c and 7d). However, all the tested materials finally reached the similar 

stomatal aperture after 120 min light exposure (Figure 7c and 7d). In addition, leaf transpiration 

rate and stomatal conductance (gs) were both significantly increased in the KZM2 RNAi lines at 

the beginning of light exposure, but finally reached the plateau that was identical to B73-329 

(Figure 7e and 7f). These results were consistent with the stomatal aperture analysis (Figure 7c 

and 7d). Together, all these data suggested that KZM2 functions as a negative regulator in 

stomatal opening in maize. 

 

KZM2 Negatively Regulates Inward K
+
 Channels in Maize Guard Cells 

According to previous results, we hypothesized that KZM2 may negatively modulate inward K
+
 

currents in maize guard cells. In this study, we improved the protocol to isolate maize guard cell 

protoplasts (Figure S9). Then, the whole-cell patch-clamping technique was used to analyze the 

inward K
+
 currents in maize guard cell protoplasts. As shown in Figure 8a, inward K

+
 currents 

were significantly increased in the KZM2 RNAi lines compared with the currents in B73-329 

(Figure 8a and 8b). In addition, the activation time constant ( of KZM2 RNAi lines became 

much smaller than that of B73-329 at the tested voltages (Figure 8c), suggesting the channel 
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activation in KZM2 RNAi lines become faster. Although the KZM2 RNAi lines showed increased 

channel conductance (Figure 8d), the V1/2 in the RNAi lines was not significantly changed 

(Figure 8e). These results demonstrated that KZM2 is involved in stomatal opening by 

negatively regulating the inward K
+
 channel activity in maize guard cells. 

 

Discussion 

KZM2 and KZM3 Are Shaker K
+
 Channel -Subunits with Different Kinetics 

Previous studies have revealed that KAT1 and KAT1-like channels function as important Kin 

channels that regulate plant stomatal movement in many plant species (Müller-Röber et al., 1995; 

Kwak et al., 2001; Pilot et al., 2001; Zimmermann et al., 2001; Langer et al., 2004; Lebaudy et 

al., 2008b; Zhang et al., 2013). The KAT1-like channels in maize have not been deeply 

investigated yet. In this study, phylogenetic analysis revealed that the KAT1-clade in maize is 

comprised of four members from KZM1 to KZM4 (Figure 1a). Three of them, KZM1, KZM2, 

and KZM3, are expressed in maize guard cells (Figure S2g). In Arabidopsis, at least four Kin 

channels (KAT1, KAT2, AKT1, and AKT2) are involved in stomatal movement (Szyroki et al., 

2001; Lebaudy et al., 2007). According to the expression levels, we supposed that KZM1, KZM2, 

and KZM3 all function as Kin channels in maize guard cells, KZM2 and KZM3 may play major 

roles. 

Although these channels have basic Shaker K
+
 channel structure, they exhibit obvious 

variation in N-terminus and in the regulatory domains of C-terminus (Figure S1b). These 

variations may endow them with different kinetics and properties. The previous report and the 
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present study demonstrated that KZM1 and KZM3 are voltage-dependent Shaker Kin channels 

that can be easily activated upon hyperpolarization conditions (Philippar et al., 2003; Figure 2 

and Figure S7). The activation threshold of KZM3 (-10 mV) is more positive than those of other 

Shaker Kin channels characterized in oocytes (Figure 2a and 2b). Besides, KZM3 can be rapidly 

activated (Figure 2a and 2e), which is different from KZM1, KAT1, KAT2 (Philippar et al., 2003; 

Su et al., 2005; Jeanguenin et al., 2011) or other reported KAT1-like Shaker Kin channels, such as 

KST1 from potato, KPT1 from poplar, and OsKAT2 from rice (Müller-Röber et al., 1995; Langer 

et al., 2004; Hwang et al., 2013). 

Here we revealed that KZM2 is quite different from KZM3. KZM2 cannot form functional 

Kin channel in oocytes, but it can mediate inward K
+
 currents in HEK293 cells at very 

hyperpolarizing voltages (negative than -100 mV) (Figure 2c and 2d). It is suggested that KZM2 

may require some activators that are lacked in oocytes. The similar situation also occurs in 

AKT1-like channel. The Shaker K
+
 channels AKT1 and OsAKT1 can form functional channels 

in insect or mammalian cell lines, but not in Xenopus oocytes (Gaymard et al., 1996; Xu et al., 

2006; Li et al., 2014). The activation of AKT1 and OsAKT1 requires CBL-CIPK protein 

complexes (Xu et al., 2006; Li et al., 2014). However, AtCBL1-AtCIPK23 cannot activate 

KZM2 channel in oocytes, KZM2 might be regulated by some other unknown protein kinases 

(Figure S10). 
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Heterotetramerization Is a General Mechanism for K
+
 Channel Regulation 

In plants, a functional Shaker K
+
 channel are formed by assembly of four -subunits that are 

derived from same or different gene product. Heterotetramerization is considered as an essential 

mechanism for Shaker K
+
 channel regulation, which increases channel diversity (Jeanguenin et 

al., 2008). Compared to homomeric channels, heteromeric channels exhibit distinct features in 

activation threshold, activation time, pH, and Ca
2+

 sensitivity, which may endow plant cells with 

flexibility in response to different environmental stimuli (Baizabal-Agyurre et al., 1999; Reintanz 

et al., 2002; Ivashikina et al., 2005; Jeanguenin et al., 2011; Wang et al., 2016). 

Previous reports have shown that some Shaker K
+
 channel -subunits from different species 

can form hetermeric channels when they were co-expressed in oocytes (Langer et al., 2004; Naso 

et al., 2009). Here, we found that KZM3 from maize and AKT1 from Arabidopsis can form a 

hetermeric K
+
 channel (without CBL1/9 and CIPK23) that is distinct from the KZM3 homoteric 

channel (Figure S11a, S11b, and S11c), although AKT1 alone is a silent K
+
 channel in oocytes 

(Xu et al., 2006). In addition, KZM2 and KAT1 can also form a hetermeric K
+
 channel (Figure 

S11d, S11e, and S11f). These results suggested that Shaker K
+
 channel -subunits assemble 

indiscriminately. 

In rice, the silent OsKAT3 could negatively regulate the OsKAT2 channel activity (Hwang 

et al., 2013). In this study, we found that maize KZM2 inhibits the activities of other Kin channels, 

such as KZM3, KZM1, and KAT1, by forming heteromeric channels (Figure 4, Figure S7, and 

Figure S11). Thus, KZM2 may function as a modulator and negatively regulate other Shaker Kin 

channels in maize (Jeanguenin et al., 2011). However, the regulatory mechanisms of KZM2 and 
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OsKAT3 should be different. Full-length OsKAT3 was functional silent, only the truncated 

OsKAT3 with a deletion of C-terminus showed channel activity in CHO cells (Hwang et al., 

2013). Contrarily, KZM2 is not electrically silent, since KZM2 itself shows K
+
 uptake activity in 

both HEK293 cells and yeast cells (Figure 1e and Figure 2c). According to electrophysiological 

data, it seems that OsKAT3 is similar like KZM2, while OsKAT2 is corresponding to KZM3. 

However, phylogenetic analysis indicates that OsKAT2 and OsKAT3 are close to KZM2 and 

KZM3, respectively. It is suggested that the activities and functions of KAT1-like channels in 

maize are something different from those in rice. 

 

KZM2 and KZM3 Are Involved in Stomatal Opening in Maize 

In Arabidopsis, multiple Kin channels (KAT1, KAT2, AKT1, and AKT2) exist in guard cells, and 

modulate stomatal opening together (Pilot et al., 2001; Szyroki et al., 2001; Lebaudy et al., 

2008b). These Kin channels assembly with each other and form multiple heteromeric Kin 

channels with diverse properties, which finely regulates stomatal movement in plant response to 

different stimuli such as drought, CO2, light, etc. Here, we suggested that at least three Kin 

channels (KZM1/ZmK2.1, KZM2, and KZM3) may contribute to the inward K
+
 currents in 

maize guard cells. As shown in Figure 8, the kinetics of inward K
+
 currents recorded in maize 

guard cells differs from the currents mediated by KZM1, KZM2, and KZM3 in oocytes or 

HEK293 cells (Figure 2, Figure S7, and Table 1), but is similar like the currents conducted by 

KZM2-KZM3 hetermeric channels (Figure 5). Disruption of KZM2 did not eliminate the inward 

K
+
 currents in maize guard cells. Contrarily, the inward K

+
 currents were significantly increased 
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in the KZM2 RNAi lines (Figure 8a and 8b). The pharmacology (sensitivities to Ba
2+

, Cs
+
, and 

pH) of K
+
 currents in KZM2 RNAi line (Figure S12b and S12d) was similar like KZM3 

homomeric channel in oocytes (Figure 6e and 6g). While the pharmacology of B73-329 plants 

(Figure S12a and S12c) was similar like KZM2-KZM3 heteromeric channel in oocytes (Figure 

6f and 6h). These data demonstrated that multiple Kin channels should work together to control 

stomatal opening in maize, and KZM2 and KZM3 play important roles in this process. 

According to the electrophysiological data from oocytes (Figure 4), we conclude that 

KZM2 inhibits KZM3 channel activity by (i) reducing channel conductance, (ii) negatively 

shifting voltage dependence, and (iii) slowing channel activation time. In maize guard cells, 

KZM2 also inhibits the K
+
 currents. As shown in Figure 8c and 8d, both channel conductance 

and channel activation time were increased in the KZM2 RNAi lines compared with WT, 

although channel voltage dependence was not significantly changed (Figure 8e). In oocytes and 

HEK293 cells, KZM3 was easily activated by negative voltages (negative than -10 mV) (Figure 

2g and 4c), which differs from the known KAT1-like K
+
 channels. Both KZM2-KZM3 and 

KZM1-KZM2 heteromeric channels showed more negative activation voltages in oocytes 

(negative than -60 mV) (Figure 4 and Figure S7). However, in maize guard cells, the activation 

voltages of both KZM2 RNAi lines and WT (B73-329) were about -80 mV (Figure 8), which is 

more negative than those in oocytes. It is suggested that there may exist some unknown 

regulators or channel subunits that negatively modulate channel activation voltage in maize 

guard cells. 
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Experimental Procedures 

Growth Conditions and Generation of Maize Transgenic Plants 

Maize seedlings were grown in growth chamber with 14 h (28°C) /10 h (24°C) light/dark cycles, 

300 mol·m
-2

·s
-1

 irradiance, 80% relative humidity. To generate the KZM2 RNAi transgenic 

maize, the fragment of KZM2 coding region (498 bp, from 1353 to 1850 bp) containing the 10
th

 

exon was cloned into pBCXUN vector in sense and antisense orientations, which was used for 

RNAi construction. For the ProKZM2:GUS construction, the 3016 bp fragment upstream of the 

KZM2 start codon (ATG) was amplified and cloned into the modified pCAMBIA1300 vector 

fused with the GUS reporter gene. The transgenic lines were obtained by using 

Agrobacterium-mediated transformation in maize B73-329 inbred line. The T2 or T3 homozygous 

maize plants were used in this study. 

 

Sequences Alignment and Phylogenetic Analysis 

The gene sequences and amino acid sequences were downloaded from TAIR 

(https://www.arabidopsis.org) or MaizeGDB (http://www.maizegdb.org) database, and aligned 

using DNAMAN. The KAT1-like Shaker channels in maize were predicted in ARAMEMNON 

plant membrane protein database (http://aramemnon.botanik.uni-koeln.de) and confirmed in 

MaizeGDB database using BLAST. The phylogenetic analysis was conducted using the ClustalW. 

Construction of phylogenic tree using the neighbor-joining method and confirmation of tree 

topology by bootstrap analysis (1,000 replicates) was performed with MEGA software (default 

settings except the replicates of bootstrap value). 
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RT-qPCR Analysis 

Maize seedlings grown in soil were used for RT-qPCR analysis, and the leaf abaxial epidermis 

was pilled with tweezers. Total RNA was extracted using TRIzol reagent (Invitrogen). The 4 g 

DNase-treated total RNA was reverse transcribed into cDNA in 20 L reverse transcription 

mixture using SuperScript™ II Reverse Transcriptase (Invitrogen™): 8 L RNA (0.5 g/L), 1 

L Random primer (500 g/mL), 1 L dNTP mixture (2.5 mM), 4 L 5×First strand buffer, 2 L 

DTT (0.1 M), and 1 L SSII Reverse Transcriptase, and 3 L PCR-grade sterile water. The 

cDNA was diluted to 200 L, and 6 L diluted cDNA was used as the template in each well for 

quantitative real-time PCR analysis. The cDNA amplification reactions were performed on the 

ABI 7500 thermocycler with Power SYBR
®

 Green PCR Master Mix (Applied Biosystems) in a 

total volume of 20 L, which contained 6 L cDNA, 2 L forward- and reverse-primers (1 M), 

10 L SYBR Green premix, and 2 L PCR-grade sterile water. The PCR was programmed as 

follows: 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. The fluorescence signal 

was detected during the annealing step. The maize ZmUbiquitin gene was used as an internal 

standard to normalize the expression data for the tested genes. Gene specific primers were used 

for RT-qPCR analysis (Table S2). At least three biological replicates were used in one 

experiment. 

    To detect gene expression in maize guard cells, guard cell protoplasts were collected one by 

one using glass capillaries under a microscope, and then transferred into the lyses buffer and 

amplified using CellAmp™ Whole Transcriptome Amplifcation Kit (Real Time) Ver.2 (TaKaRa). 

At least 200 (205-230) guard cell protoplasts were collected and used for each replicate. 
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GUS Staining 

The second fully expanded leaves of the 8-day-old ProKZM:GUS maize seedlings were cut into 

0.5 cm square pieces, and treated with -90 kPa vacuum for 20 min in GUS staining solution. The 

solution contained 1% (v/v) N, N-dimethyl formamide, 0.1% X-Gluc, 0.1% Triton X-100, 0.1 M 

PBS, 0.05 mM K3Fe(CN)6, and 0.05 mM K4Fe(CN)6·3H2O. The leaf sample was incubated at 

37°C in darkness for 72 h, then washed in 0.1 M PBS and fixed in 75% (v/v) ethanol for 

microscopy observation. 

 

Yeast Complementation and Fluorescence Observation 

The coding sequences of KZM2, KZM3, AKT1, KZM2-GFP, KZM3-GFP, and GFP were 

constructed into the modified p416-GPD vector and transformed into the yeast strain R5421 

(trk1 trk2), in which the two endogenous K
+
 transporter genes (TRK1, TRK2) were deleted. 

The yeast strain R757 was used as positive control, while the empty vector transformed R5421 

was used as negative control. Yeast complementation assay was performed as described before 

(Li et al., 2014). Single colonies were cultured at 30°C overnight in 2 mL YPDA medium 

containing 100 mM KCl until the OD600 reached 0.8. The yeast cells were collected and washed 

in sterile double-distilled water three times, then cells were resuspended in sterile 

double-distilled water with the OD600 0.8, and 10-fold serial diluted cultures were incubated on 

solid AP plates containing different K
+
 concentrations. These plates were incubated at 30°C for 5 

d. The fluorescence was imaged using a confocal laser scanning microscope (LSM710; Carl 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Zeiss). 

 

Subcellular Localization and BiFC Assay 

The coding sequences of KZM2 and KZM3 were cloned into P16S:sXVE:GFPc:Bar for the 

analysis of subcellular localization. The constructs, empty vector, mCherry-HDEL, and 

CBLn-OFP, were transfected into Agrobacterium tumefaciens (GV3101) via electroporation. 

-estradiol (100 M) or 0.1% (v/v) ethanol (mock) were brushed one day after infiltration of 

tobacco (Nicotiana benthamiana) leaves to induce the expression of target genes (Schlücking et 

al., 2013). The BiFC assays were performed as described previously (Walter et al., 2004). In 

brief, KZM2 and KZM3 were cloned into vector pSPYNE173 and pSPYCE (M). All the construct 

pairs were expressed 4 d in tobacco leaves before microscopy observation. The fluorescence was 

imaged using a confocal laser scanning microscope (LSM710; Carl Zeiss), and linescan was 

performed using ImageJ software. 

 

Yeast-Two Hybrid Assays 

KZM2 and KZM3 were cloned into bait (pBT3-STE) and prey (pPR3-STE) vector of 

DUALmembrane system respectively, and transformed into NMY51. Colonies of NMY51 

transformed with both bait construct and prey construct were grown on SD/-Trp/-Leu and 

SD/-Trp/-Leu/-His/-Ade. Interaction was determined by growth of transformed NMY51 on 

media lacking His and Ade. 
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Stomatal Aperture Assay 

The first leaves of 8-day-old maize seedlings were used. The leaves were floated in opening 

buffer that contained 10 mM KCl, 50 M CaCl2, and 10 mM Mes/Tris, pH 5.6. The leaves were 

kept in darkness for 2 h, then treated with light (300 mol·m
-2

·s
-1

). The epidermal strips were 

peeled from the middle part of leaves. The stomatal apertures were observed under microscope 

(Olympus IX-71) and measured using ImageJ software. 

 

Measurements of Stomatal Conductance and Density 

Maize seedlings were grown in greenhouse for 6 weeks. The middle parts of the newly full 

expanded leaves were covered with aluminum foil at dusk. The leaves were treated in dark 

overnight. Stomatal conductance and transpiration rate were measured between 9:00~12:00 in 

the next morning, using a portable photosynthesis and transpiration system (Yaxin-1102) that is 

equipped with a long-narrow leaf chamber (65 mm × 10 mm). After conductance measurement, 

the same leaf was sampled using a puncher with three replicates. The leaf samples were fixed 

and discolored in 75% (v/v) ethanol for microscopy observation. The stomatal numbers were 

counted under microscope (Olympus IX-71). Each treatment included four independent 

seedlings. 

 

Two-Electrode Voltage Clamp Recordings, Fluorescence Observation, and Western Blot 

Analysis in Xenopus Oocytes 

The coding sequences of KZM1, KZM2, KZM3, AKT1, KAT1, KZM2-mCherry, and KZM3-GFP 
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were cloned into pGEMHE vector. TEVC (Two-Electrode Voltage Clamp) was applied using a 

GeneClamp 500B amplifier (Axon Instruments) at room temperature (~22ºC). Whole-cell 

currents recording were performed 36 h after cRNA injection. The standard bath solution 

contained 100 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM Hepes, pH 5.6 with NaOH, 

osmolality was adjusted to 220 mmol·kg
-1

 using D-sorbitol. The microelectrodes were filled with 

3 M KCl. Voltage pulses were applied from a holding potential of 0 mV, typically ranging from 

+40 mV to -140 mV in 10 mV decrements. And steady state currents were extracted at the end of 

the 2 s voltage step pulses. For the voltage clamp data analyses, G/Gmax (open probability) was 

fitted according to the Boltzmann function: G/Gmax = 1/(1+exp((V-V1/2)/S)). The channel 

conductance G was calculated as G=I/(V-EK), in which I is the steady state current at voltage V, 

EK is the equilibrium potential of K
+
. EK values were obtained according to tail-current analysis. 

Tail currents were elicited with 800 ms voltage pulses from -120 mV to +20 mV in 10 mV 

increase after 800 ms prepulses at -160 mV, the holding potential was 0 mV. The voltages 

showing zero current were chosen as EK values. V1/2 is the membrane potential at which the 

channel conductance is half-maximal, and S is a slope factor. 

Fluorescence was imaged 36 h after cRNA injection using a confocal laser scanning 

microscope (LSM710; Carl Zeiss). For Western blot analysis, oocytes were homogenized in 

protein extraction buffer (20 mM Tris-HCl, pH7.5, 100 mM NaCl, 0.5 mM EDTA, 1% SDS, 0.5 

mM PMSF, and protein inhibitor), centrifuged at 12,000 g for 3 min at 4°C, and the supernatant 

was used for Western blot assay. KZM2-mCherry and KZM3-GFP protein were determined by 

antibodies for mCherry and GFP, respectively. 
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Whole-Cell Recordings in HEK293 Cells 

For patch clamp recordings in HEK293 cells, the coding sequence of KZM2 was constructed into 

pIRES2-DsRed2 vector, while the coding sequence of KZM3 was constructed into 

pIRES2-EGFP vector. The red or green fluorescence indicated successful transfection. HEK293 

cells from ATCC (American Type Culture Collection) were cultured in DMEM (Dulbecco’s 

modified eagle medium) with 4500 mg·L
-1

 glucose (Gibco) and 10% fetal calf serum (Gibco) for 

24 h at 37°C, 5% CO2 before transfection. HEK293 cells were transfected with recombinant 

plasmids using Lipofectamine 2000 Transfection Reagent (Invitrogen). After 36 h cultivation, the 

transected cells were treated with Trypsin (Gibco), centrifuged at 160 g for 5 min, and kept on 

ice for patch clamp recording. The bath solution contained 100 mM K-gluconate, 10 mM 

Mes/Tris (pH 5.6), osmolality was adjusted to 350 mmol·kg
-1

 using D-sorbitol. The pipette 

solution contained 150 mM K-gluconate, 2 mM MgCl2, 10 mM EGTA, 50 mM Glucose, 2.5 mM 

Mg-ATP, and 10 mM Hepes/Tris (pH 7.4), osmolality was adjusted to 350 mmol·kg
-1

 using 

D-sorbitol. Whole-cell currents were recorded using an Axopatch 200B amplifier (Axon 

Instruments) at room temperature (~22°C). 

 

Protoplast Isolation and Whole-Cell Recordings in Maize 

Maize guard cell protoplasts were isolated from the first leaves of 8-day-old maize seedlings 

(B73-329) as described before with modification (Fairley-Grenot and Assmann, 1992). In brief, 

the middle parts of leaves were excised and cut into small pieces, then blended in distill water 
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and filtered (80 m). The epidermis peels were treated with enzyme mixture 1, containing (w/v) 

0.7% cellulysin, 0.1% PVP-40, 0.25% BSA, 250 mM D-sorbitol, 0.5 mM CaCl2, 0.5 mM MgCl2, 

10 M KH2PO4, and 5 mM Mes/Tris, pH5.5, at 28ºC in darkness, 150 rpm for 1 h. Subsequently, 

the peels were filtered (80 m) and rinsed with basic medium which contained 450 mM 

D-sorbitol, 0.5 mM CaCl2, 0.5 mM MgCl2, 10 M KH2PO4, and 5 mM Mes/Tris, pH5.5. Then 

the peels were transferred into enzyme mixture 2 and incubated at 28ºC in darkness, 60 rpm for 2 

h. The enzyme mixture 2 contained (w/v) 1.3% cellulose RS, 0.1% pectolyase Y-23, 0.25% BSA 

in basic medium. Protoplasts were filtered (50 m) and washed twice with basic medium by 

centrifugation at 100 g for 5 min. The isolated guard cell protoplasts were kept on ice for 1 h in 

darkness before patch-clamping experiments. 

Standard whole-cell recording techniques were applied (Hamill et al., 1981). The bath 

solution contained 30 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM Mes/Tris, pH 5.6, 

osmolality was adjusted to 485 mmol·kg
-1

 using D-sorbitol. The pipette solution contained 30 

mM KCl, 70 mM K-gluconate, 2 mM MgCl2, 6.7 mM EGTA, 5 mM Mg-ATP, and 10 mM Hepes, 

pH 7.2 with NaOH, osmolality was adjusted to 500 mmol·kg
-1

 using D-sorbitol. Steady state 

currents were elicited by 3 s voltage pulses, ranging from -60 mV to -200 mV in 20 mV 

decrements with a holding potential of -60 mV. Activation time constant () was determined by 

fitting current traces with a single exponential function as described before (Fairley-Grenot and 

Assmann, 1993). The patch clamp recordings of maize guard cell currents were conducted using 

an Axopatch 200B amplifier (Axon Instruments) at room temperature (~22°C). 
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Accession Numbers 

Sequence data for the genes described in this article can be found in the Arabidopsis TAIR 

database (https://www.arabidopsis.org) and MaizeGDB database (http://www.maizegdb.org) 

under the following accession numbers: At2g26650 for AKT1, At4g32650 for AtKC1, At4g22200 

for AKT2, At4g32500 for AKT5, At2g25600 for SPIK, At5G46240 for KAT1, At4g18290 for 

KAT2, At3g02850 for SKOR, At5g37500 for GORK, GRMZM2G081666 for KZM1, 

GRMZM2G093313 for KZM2, GRMZM2G178356 for KZM3, GRMZM5G838773 for KZM4. 
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Figure S1. Gene structures and amino acid sequences of KAT1-like channels from Arabidopsis 
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and maize. 

Figure S2. RT-qPCR analyses of KZM genes expression in maize seedlings. 

Figure S3. Expression of KZM2-GFP and KZM3-GFP, and complementation assay in the K
+
 

uptake deficient yeast strain R5421. 

Figure S4. Localization analysis of KZM2 in nucleus. 

Figure S5. Expression of KZM2-mCherry and KZM3-GFP in Xenopus oocytes. 

Figure S6. BiFC analysis of KZM2 and KZM1 in tobacco leaves. 

Figure S7. Electrophysiological analyses of KZM1-KZM2 channel in Xenopus oocytes. 

Figure S8. Expression of KZM2-mCherry and KZM3-GFP at different ratios in Xenopus 

oocytes. 

Figure S9. Isolation of guard cell protoplasts from maize leaf. 

Figure S10. Co-expression of CBL1-CIPK23 and KZM2-mCherry in Xenopus oocytes.  

Figure S11. Electrophysiological analyses of Shaker heteromeric Kin channels in Xenopus 

oocytes. 

Figure S12. Ba
2+

, Cs
+
, and pH sensitivity of guard cell inward K

+
 currents. 

Table S1. Gene information of KAT1-like channels from maize. 

Table S2. The primer sequences used in this study. 
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Tables 

Table 1. Kinetics comparison of maize guard cell inward K
+
 channel and KZM channels.  

 B73-329 KZM2 RNAi KZM1 KZM2 KZM3 KZM3 

 Guard cell Guard cell  Oocytes HEK293 Oocytes HEK293 

Vactivation (mV) -80 -80 -50 -120 -10 -20 

V1/2 (mV) -132.7 -125.8 -85.6 -200.9 -49.0 -71.6 

at -140 mV (ms) 61.9 27.0 107.2 - 17.4 - 

at -200 mV (ms) 52.5 17.5 - 226.8 - 42.2 

 

Figure Legends 

Figure 1. Expression patterns and K
+
 uptake analysis of KZM2 and KZM3. 

(a) Phylogenetic analysis of Shaker K
+
 channel family in Zea mays and Arabidopsis thaliana. 

Amino acid sequences were derived from MaizeGDB and TAIR. The MEGA software was used 

to produce the phylogeny tree. 

(b) RT-qPCR analyses of tissue expression of KZM2 and KZM3 in 18-day-old maize seedlings. 

Young leaf, the 5th leaf; old leaf, the 1st and 2nd leaves. 

(c) and (d) Expression pattern of KZM2 in the leaf of ProKZM2:GUS transgenic lines. GUS 

staining of leaf vascular tissues (c) and guard cells (d). Bars = 100 m in (c) and 10 m in (d). 

(e) Complementation assay in the K
+
 uptake deficient yeast strain R5421 on AP medium 

containing different K
+
 concentrations. KZM2 and KZM3 were transformed into the R5421 

strain. AKT1 was used as a positive control. 
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Figure 2. Electrophysiological characterization of KZM2 and KZM3 in Xenopus oocytes 

and HEK293 cells. 

(a) Two-electrode voltage-clamp recordings in Xenopus oocytes expressing KZM2 or KZM3. 

The oocytes injected with distilled water were used as the control. The inward currents were 

elicited with 2 s voltage pulses from +40 mV to -160 mV in 10 mV decrease from a holding 

potential of 0 mV. 

(b) The I-V relationship of the steady-state currents (ISS). The data were derived from the 

recordings as shown in (a). The steady-state currents were calculated for I-V curve plotting. Data 

are presented as means ± SE. Control (n = 6), KZM2 (n = 8), KZM3 (n = 11). 

(c) and (e) Whole-cell patch clamp recordings in HEK293 cells expressing KZM2 (c) or KZM3 

(e). The HEK293 cells transfected with empty vector were used as the control. The currents were 

elicited with 1 s voltage pulses from -60 mV to -200 mV in 20 mV decrease from a holding 

potential of -60 mV for KZM2 and from +40 mV to -200 mV in 20 mV decrease from a holding 

potential of 0 mV for KZM3.  

(d) and (f) The I-V relationships of the steady-state currents (ISS). The data were derived from the 

recordings as shown in (c) and (e), respectively. Data are presented as means ± SE. (d), Control 

(n = 10), KZM2 (n = 12). (f), Control (n = 7), KZM3 (n = 24). 

(g) The G/Gmax-V relationships of KZM2 and KZM3 currents recorded in HEK293 cells. Data 

are presented as means ± SE. KZM2 (n = 12), KZM3 (n = 24). 

(h) The -V (,activation time constant) relationships of KZM2 and KZM3 currents recorded in 

HEK293 cells. The  values were determined by fitting the traces as shown in (c) and (e) with a 
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single exponential function. Data are presented as means ± SE. KZM2 (n = 12), KZM3 (n = 24). 

 

Figure 3. Subcellular localization and interaction analysis of KZM2 and KZM3. 

(a) and (b) Subcelluar localization of KZM2-GFP and KZM3-GFP in tobacco (Nicotiana 

benthamiana) leaves. CBL1n-OFP and mCherry-HDEL were used as PM marker and ER marker, 

respectively. The fluorescence intensities of the white arrow-covered regions were determined 

and are shown at right. Bars = 20 m. 

(c) BiFC analysis of KZM2 and KZM3 in tobacco leaves. The outward K
+
 channel SKOR was 

used as negative control. Bars = 20 m. 

(d) Yeast-two hybrid assays of KZM2-KZM3 interaction. 

 

Figure 4. KZM2 inhibits KZM3 channel activity in Xenopus oocytes. 

(a) Two-electrode voltage-clamp recordings in Xenopus oocytes co-expressing KZM2 and 

KZM3. The oocytes injected with distilled water were used as the control. The KZM2 and 

KZM3 co-expressing oocytes were injected with a cRNA mixture of KZM2 and KZM3 (1:1). 

(b) The I-V relationship of the steady-state currents (ISS). The data were derived from the 

recordings as shown in (A). Data are presented as means ± SE. Control (n = 5), KZM2 (n = 6), 

KZM3 (n = 8), KZM2+KZM3 (n = 6). 

(c) and (d) The G/Gmax-V (c) and -V (d) relationships of KZM2 and KZM2-KZM3 currents 

recorded in Xenopus oocytes. Data are presented as means ± SE. (c), KZM3 (n = 8), 

KZM2+KZM3 (n = 6). (d), KZM3 (n = 8), KZM2+KZM3 (n = 6). 
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Figure 5. Identification of KZM2-KZM3 heterometic channels in Xenopus oocytes. 

(a) Two-electrode voltage-clamp recordings in Xenopus oocytes co-expressing KZM2 and 

KZM3. The KZM2 and KZM3 cRNA were injected into oocytes with different ratios, 0:1 (0), 

0.25:1 (25%), 0.5:1 (50%), 1:1 (100%), and 2:1 (200%). The inward currents were elicited from 

+40 mV to -140 mV in 10 mV decrease from a holding potential of 0 mV. 

(b) The I-V relationship of the steady-state currents (ISS). The data were derived from the 

recordings as shown in (a). Data are presented as means ± SE. Filled circles, 0 (n = 6); Open 

circles, 25% (n = 7); Filled triangles, 50% (n = 5); Open triangles, 100% (n = 7); Filled squares, 

200% (n = 7). 

(c) The half activation voltage (V1/2) of KZM2-KZM3 channels at the different expression ratios. 

The data points are derived by fitting the Boltzmann function. Data are presented as means ± SE. 

0 (n = 6), 25% (n = 7), 50% (n = 5), 100% (n = 7), 200% (n = 7). 

(d) The -V relationship of KZM2-KZM3 channels at the different expression ratios. The  

values were determined by fitting the traces as shown in (a) with a single exponential function. 

Data are presented as means ± SE. Filled circles, 0 (n = 6); Open circles, 25% (n = 7); Filled 

triangles, 50% (n = 5); Open triangles, 100% (n = 7); Filled squares, 200% (n = 7). 

 

Figure 6. Property analyses of KZM3 and KZM2-KZM3 channels in Xenopus oocytes. 

(a) and (b) The K
+
 dependence of KZM3 (a) and KZM2-KZM3 (b) channels. The bath K

+
 

concentrations were 100, 30, 10, and 3 mM, respectively. The data points in the insets represent 
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the measured reverse potential (Vrev) of KZM3 (a) and KZM2-KZM3 (b) currents at the different 

bath K
+
 concentrations, the lines indicate the theoretic K

+
 equillibrium potentials. Data are 

presented as means ± SE (n ≥ 5). 

(c) and (d) The ion selectivity of KZM3 (c) and KZM2-KZM3 (d) channels. The bath solution 

contained 100 mM NaCl, LiCl, RbCl, NH4Cl, and KCl, respectively. Data are presented as 

means ± SE (n ≥ 4). 

(e) and (f) The blocker response of KZM3 (e) and KZM2-KZM3 (f) channels. The bath solution 

contained 100 mM KCl. The K
+
 channel blockers, CsCl (1 mM), TEACl (5 mM), and BaCl2 (5 

mM) were added in the bath solution respectively. Data are presented as means ± SE (n ≥ 4). 

(g) and (h) The pH dependence of KZM3 (g) and KZM2-KZM3 (h) channels. Data are presented 

as means ± SE (n ≥ 5). 

 

Figure 7. Stomatal aperture analyses in the KZM2 RNAi lines. 

(a) RT-qPCR analysis of KZM2, KZM3, and KZM1 relative expression in three independent 

KZM2 RNAi lines. 

(b) Stomatal density analysis of the KZM2 RNAi lines. Data are presented as means ± SE (n = 

12). 

(c) and (d) Stomatal photograph (c) and aperture (d) of different maize materials in response to 

light treatment. The maize leaves were kept in dark for 2 h. Then the leaves were floated in 

opening buffer with light treatment at the indicated times. Bars = 10 m in (c). Data are 

presented as means ± SE (n  50) in (d). 
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(e) and (f) Transpiration rate (e) and stomatal conductance (gs) (f) of different maize materials in 

response to light treatment. The intact maize leaves were shaded with aluminum foil overnight. 

Then the leaves were treated with light at the indicated times. Data are presented as means ± SE 

(n = 4). Student’s t test (#, control; *, P < 0.05; **, P < 0.01) was used to analyze statistical 

significance. 

 

Figure 8. Inward K
+
 current recordings in maize guard cells. 

(a) Whole-cell patch clamp recordings of the inward K
+
 currents in maize guard cells. The 

currents were elicited from -60 mV to -200 mV in 20 mV decrease from a holding potential of 

-60 mV. 

(b) to (e) The I-V (b), -V (c), G-V (d), and G/Gmax-V (e) relationships of the inward K
+
 currents 

recorded in maize guard cells. The data were derived from the recordings as shown in (a). Data 

are presented as means ± SE. B73-329 (n = 11), KZM2 RNAi-1 (n = 22), KZM2 RNAi-2 (n = 19), 

KZM2 RNAi-3 (n = 20). 
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