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Abstract 

Stomata are pores formed by guard cells in the leaf epidermis of plants. These pores are 

essential in responding to both abiotic and biotic stress such as drought, heat, pathogen infection, 

and therefore strictly regulated in plants. Uptake and release of ions from guard cells are the keys 

to stomatal function. For plants to close their stomata, at least two types of anion channels present 

in the guard cell membrane are required: the rapid (R-type) and the slow (S-type) activating anion 

channels. Quick anion channel 1 (QUAC1), initially named ALMT12, a member of the aluminum-

activated malate transporter family, has been shown to encode an R-type anion channel in guard 

cells in Arabidopsis thaliana, a dicot model. Sequence alignments between dicot and monocot 

QUAC1 show as high as 56 % identity at the protein level. The purpose of this study was to 

investigate whether the monocot QUAC1s maintain the properties and functions as reported for 

the dicot AtQUAC1, and further characterize the monocot channel.  

The monocot model Brachypodium dystachyon (commonly called stiff brome) was used 

for this study. To examine the properties of BdQUAC1, the protein was expressed in HEK293 

cells, and activities of the channel were measured using the patch clamp technique. Data collected 

in this study showed that BdQUAC1 is activated by malate, consistent with what had been reported 

for AtQUAC1. However, the malate activation occurred only in the presence of Ca2+ and was 

inhibited by a calmodulin (CaM) inhibitor. By computational predictions, the BdQUAC1 sequence 

was shown to include a CaM -binding domain (CBD). Direct interaction between the CBD and 

CaM was confirmed by two different methods: isothermal titration calorimetry and CaM agarose 

affinity pulldown. Electrophysiological analyses showed that site directed mutations at some of 

the basic residues in the CBD affect the activities of the channel. In addition, the hormone abscisic 

acid (ABA), which is known to cause an increase in cytosolic Ca2+ concentration and plays a 
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significant role in stomatal closure, did not have any direct electrophysiological effects on 

BdQUAC1 protein expressed in the HEK293 system.  

The role of BdQUAC1 in stomatal closure was also assessed in planta. QUAC1-

knockdown in Brachypodium showed an increase in the width of stomata aperture compared to 

wildtype.  Overexpression of BdQUAC1 also showed a significant reduction of stomatal width 

and additionally, an effect on stripe rust infection which is known to infect via stomata.  

Altogether, this study has explored the regulation of BdQUAC1, suggesting an activation 

of BdQUAC1, that requires malate, Ca2+, and CaM. Although, in plants, the activation of anion 

channels is through ABA signalling pathways, ABA does not have any direct in vitro effects on 

BdQUAC1. This highlights the involvement of Ca2+ and CaM in the ABA signaling pathway 

mediating stomatal response. Altering the expression of the BdQUAC1 gene affects stomatal 

function and potentially pathogen infection. 
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CHAPTER 1. LITERATURE REVIEW 

1.1. Plant biology and stomatal movement 

1.1.1. Introduction to stomata 

Like many forms of living organisms, plants also require nutrients, water, air, appropriate 

temperature and light for their basic needs to survive. While nutrients and water are obtained from 

roots, air is obtained from leaves through pores called “stomata” (Hetherington & Woodward, 

2003). Oxygen and carbon dioxide are exchanged through open stomatal pores (Scheidegge et al., 

2000). Plants use oxygen for respiration and carbon dioxide for photosynthesis, which is another 

source of energy for plants (Ziem-Hanck et al., 1980, Calvin, 1976). In addition, stomatal closure 

is critical in plant response against both biotic and abiotic stress, such as pathogen infection, 

drought and heat, respectively. Therefore, the movement of stomata is strictly regulated in plants.  

Each stoma is a pore formed by two guard cells located on the leaf epidermis (Figure 1.1); 

guard cells are kidney-shaped in dicots, whereas, dumbbell-shaped in monocots (Sack, 1987). 

Opening and closing of stomatal pores depend on the turgor pressure of guard cells (Fischer, 1973). 

Turgor pressure is the pressure of the intracellular water pushing the plasma membrane against the 

cell walls. Change in the turgor pressure is caused by ions moving and drawing water with them 

in and out of guard cells (Meidner and Edwards, 1975, Zeiger, 1983). When ions move into guard 

cells and water follows by osmosis, the turgor pressure increases. Under high turgor pressure, 

guard cells swell and draw away from each other in dicots (Figure 1.2A) or the thick inner walls 

of guard cells are pulled away from each other in monocots (Figure 1.2B), and the pore is opened. 

Stomata are kept opened due to the non-osmotic movement of water triggered by the presence of  
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Figure 1. 1 The surface of a monocot Hierochloe odorata (sweet grass) leaf taken under the 

Zeiss Axiovert 135 inverted phase contrast microscope at 1000 x magnification 
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Figure 1. 2. Typical structure of stomata 

 A. Dicot stomata, formed by a pair of kidney-shaped guard cells. B. Monocot stomata, formed 

by a pair of dumbbell-shaped guard cells. 
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larger solutes (such as sugars) inside the guard cells. When ions and water efflux, the turgor 

pressure is reduced, resulting in shrinking of the guard cells and stomatal pore closure. Ultimately, 

the movement of stomata is controlled by ion channels in guard cells (Meidner and Edwards, 1975, 

Zeiger, 1983).  

1.1.2. Movement of molecules across the cell membrane 

Molecules, such as gases, water, sugars, amino acids, and ions, are able to move across the 

plasma and vacuolar membranes by several mechanisms which can be distinguished into two 

groups: passive transport and active transport. With passive transport, molecules move down the 

concentration gradient, from an area having higher concentration to an area with lower 

concentration without the requirement of exogenous energy. In active transport, energy is required 

and molecules move against the concentration gradient, from an area of lower concentration to an 

area of higher concentration (Epstein 1955, Epstein 1956, Bowling et al., 1966).  

1.1.2.1. Passive transport 

There are three types of passive transport across the membrane: simple diffusion, osmosis, 

and facilitated diffusion. Smaller molecules such as O2 or CO2 can move freely across the 

membrane by simple diffusion. Osmosis is the movement of water across the membrane, which 

occurs depending on the concentration of solute. Lastly, larger molecules and charged molecules 

are passively transported by facilitated diffusion via proteins called ‘channels’ and ‘uniporters’ 

(Figure 1.3A). Channel proteins include aquaporin channels and ion channels. Channels are 

generally selective and only allow the passage of certain substances. Aquaporin channels are major 

water channels. However, many aquaporin channels have been reported to transport both water 

and substrates, such as carbon dioxide, hydrogen peroxide, glycerol, urea, etc. (Pavlovic-

Djuranovic et al., 2006. Bienert et al., 2007, Almasalmeh et al., 2014), and ion channels transport  
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Figure 1. 3. Movement of molecules across the cell membrane.  

Green arrows indicate molecules moving along the concentration gradient. Red arrows indicate 

molecules moving against the concentration gradient. A. Passive transport. B. Active transport.  
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only specific ions.  Uniporters, also referred to as carriers, usually move molecules such as sugars 

or amino acids, one at a time, along the concentration gradient (Molnar and Jane, 2012).  

1.1.2.2. Active transport 

Larger or charged molecules can also move against the concentration gradient by active 

transport. There are two types of active transport: primary active transport and secondary active 

transport (Feher, 2012).  

In primary active transport, the transporting proteins use adenosine triphosphate (ATP) as 

energy to pump the ions across the membrane. Thus, these proteins are referred to as ‘pumps’, or 

‘ATPases’ interchangeably, for example, H+ ATPase, or H+ pump. An ion pump can transport one 

single type of ion, or co-transport two different types of ions such as the sodium-potassium pump 

(Figure 1.3B) (Feher, 2012, Stillwell, 2016). 

In secondary active transport, ATP is not used as an energy source. Instead, the transporting 

protein couples the movement of an ion, usually Na+ or H+, to drive the transport. Free energy is 

generated due to ions moving down their electrochemical gradient. The electrochemical gradient 

for an ion consists of both the chemical gradient (concentration gradient), and the electrical 

gradient, which is the difference in charges across the membrane. Thus, the secondary active 

transport is also referred to as ion-coupled transport (Figure 1.3B), and the transporting proteins 

are generally referred to as carriers. If both the molecules and the coupling ions move in the same 

direction, the protein is called ‘symporter’. If the molecules and the coupling ions move in the 

opposite direction, the transporting protein is called ‘antiporter’ (Feher, 2012, Stillwell, 2016). 
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1.1.3. Ion channels  

 Ions are atomic molecules that have gained or lost one or more electrons and therefore are 

carrying an electrical charge. A positively-charged ion is referred to as a cation, and a negatively-

charged ion is referred to as an anion. As described in the previous sections, ions can move across 

the cell membrane by transporters such as ion channels, pumps, and other carriers including 

symporters and antiporters. Ions channels can be differentiated from other types ion transporters 

by two characteristics. First, ion channels do not require exogenous energy to function whereas 

other transporters rely solely on energy to move ions across the membrane. Secondly, ion channels 

have a pore and a gating system that controls the passage of ions by opening and closing of the 

pore (Barker et al., 2017).  

All ion channels are transmembrane proteins. Channel proteins are composed of one or 

more subunits with transmembrane helices (Sigworth, 2003). These transmembrane helices come 

together and form a pore that allows ions to move across the hydrophobic membrane (Schumacher 

and Adelman, 2002). There are four main types of ion channels, classified by the gating property: 

voltage-gated channels, ligand-gated channels, mechanosensitive channels, and non-gated (leak) 

channels (Barker et al., 2017). 

1.1.3.1. Voltage-gated ion channels 

 Voltage is the difference in electrical potential between two different places. In an electrical 

circuit, this difference is able to drive currents, which are movements of charges (carried by 

electrons), across a resistance. In cell biology, positively and negatively charged ions are not 

equally distributed on the inside and outside of membranes, thus generating an electrical potential 

difference, also known as membrane voltage, or membrane potential. Since membranes are 

selectively permeable to ions, the voltage across the membrane stays relatively constant. This 
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stable voltage is called the membrane resting potential. Due to the potential difference, the 

membrane is said to be polarized at resting potential. Movement of ions across the membrane can 

shift the membrane voltage to become more negative or positive, causing hyperpolarization or 

depolarization. If the membrane voltage becomes more negative than the resting potential, the 

membrane is said to be hyperpolarized. If the membrane voltage becomes less negative than the 

resting potential, the membrane is said to be depolarized.  

 Voltage-gated ion channels are activated by changes in the membrane voltage, and can 

exist in three main conformation states: closed, open, and inactivated (Catterall, 1995, Purves et 

al., 2001). At resting potential, the channels are closed. When there is a change in membrane 

voltage, such as depolarization or hyperpolarization, voltage-gated channels go through a 

conformational change, which opens the pore and allows ions to pass through the channels. In this 

state, the channels are considered open (Catterall, 1995). Within milliseconds after opening, the 

channel becomes inactivated by the mechanism called ‘ball and chain’ (West et al., 1992). ‘Ball 

and chain’ is a set of amino acids hanging by the pore of the channel on the cytosolic side of the 

membrane. Once the channels open, this “ball” of amino acids swings in and plugs the pore, 

blocking the passage of ions (Figure 1.4) (Demo and Yellen, 199, West et al., 1992). The channels 

remain in the inactivated state for some time before returning to the closed state.  

1.1.3.2. Ligand-gated ion channels 

 Ligand-gated ion channels open in response to stimulating molecules called ligands.  

Ligands are chemical messengers that bind to proteins. Therefore, ligand-gated ion channels are 

also commonly known as ionotropic receptors. A ligand-gated ion channel can have one or 

multiple ligand-binding sites, and the binding sites are most often on the extracellular side of 

membranes. When ligands bind to the ligand-gated ion channel, it creates a conformational change,  
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Figure 1. 4. The three main states of voltage-gated ion channels: closed, open, and 

inactivated.  

At resting potential, the channel is closed. Shifts in membrane voltage activate and open the 

channel. At the open state, ions are able to pass through the channel. Shortly after opening, the 

channel becomes inactivated due to the ‘ball and chain’ blockage. The channel remains at the 

inactivated state for some time then returns to the closed state.  
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hiding the large hydrophobic amino acids and exposing the small and hydrophilic ones. This 

conformational change opens the channel and allows ions to move across. Ligand-gated ion 

channels have only two functional states: the open state and the closed state. (Figure 1.5) 

(Auerbach, 2013, Sauguet et al., 2014). Examples of ligand-gated ion channels include glutamate 

receptor and GABA receptors.  

1.1.3.3. Mechanosensitive channels 

 Mechanosensitive channels open in response to mechanical force. They are also known by 

other names including mechanically-gated channels, stress-gated channels, or stretch-gated 

channels. These channels can sense and respond to the membrane tension change produced by 

mechanical stimuli such as osmotic pressure, gravity, environmental stress. Stress increases the 

lateral membrane tension and causes local lipid disordering (Perozo et al., 2002, Schulten and 

Gullingsrud, 2004). The channel, in response, favors the open conformation to reduce the local 

lipid disordering (Figure 1.6). Examples of mechanosensitive channels include the calcium-

permeable non-selective cation channel TRPC6 or the potassium channel TREK-1.  

1.1.3.4. Non-gated channels 

 Non-gated channels, also called leakage channels, are not controlled by a gating system. 

Unlike all other types of channels described above, these channels only exist in one state, the open 

state. There are only two kinds of non-gated ion channels: the K+ channels and the Na+ channels 

(Goldstein et al., 2001, Ren, 2011). Na+ and K+ can move passively down the non-gated channels 

along the concentration gradients, or against the concentration via Na+/K+ pump. Therefore, the 

channels play a crucial role in maintaining the cell resting membrane potential.  
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Figure 1. 5. The two states of ligand-gated ion channels: open state and closed state  

The channel contains a ligand binding site. Binding of the channel to ligand opens the channel 

and allows ions to pass through.  
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Figure 1. 6 Gating mechanism of the mechanosensitive channel  

The channel changes its conformation to reduce the lipid disordering of the membrane.    
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1.1.3.5. Cation versus anion channels 

 Beside classification by gating, channels can also be classified by the type of ions they 

transport. Cation channels move positively charged ions, and anion channels move negatively 

charged ions.  

 Cations present in plant cells include Ca+, Na+, K+, Mg+ and proton (H+). Each type of ion 

channel will be described in more detail below. Beside cation channels which are specific to only 

one type of ions, there are also non-selective cation channels, which are permeable for most types 

of cations. To date, Mg+ and Na+ selective ion channels have not yet been identified, and the 

majority of these ions are likely moved across by other types of transporters.  

   Anions channels in plant cells have been classified into three groups: the Cl- channels 

(CLC) family, the aluminum-activated malate transporters/quick anion channel (ALMT/QUAC) 

family, and the slow anion channels (SLAC). These channels together transport anions such as 

NO3
-, Cl-, malate2- and SO4

2-. 

1.1.4. Transporters involved in stomatal movement 

Transporters that play a role in modulating the function of stomata include ions channels, 

pumps, symporters, and antiporters. Below are descriptions of ions involved in stomatal movement 

and their transporters.  

1.1.4.1. Ca2+ transporters 

 Ca2+ channels. Since early days, scientists used patch clamp to prove the existence of Ca2+ 

channels in plant guard cells and root cells using protoplasts. In these studies, Ca2+ channels were 

activated by depolarization (Huang et al., 1994, Thuleau et al., 1994), hyperpolarization (Gelli et 

al., 1997, Véry et al., 2000, Hamilton et al., 2000), and the plant hormone abscisic acid (ABA) 
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(Hamilton et al., 2000). Thuleau et al. (1994) also showed that the channels were permeable not 

only to Ca+, but also to K+, Ba2+, and Mg2+, therefore they could possibly be non-selective cation 

channels. Although there is evidence of Ca2+ channels in plant cells, it has been a challenge for 

researchers to identify specific genes. To date, only one gene has been identified to encode a plant 

Ca2+ channel. Peiter et al., (2005) showed that the two-pore channel 1 (TPC1) gene which encodes 

for a slow vacuolar channel also encodes for a Ca2+ -dependent Ca2+ channel. Mutation of the gene 

leads to decrease in Ca2+ influx (Peiter et al., 2005). Beside Ca2+, K+ and Na+ can also be 

transported through TPC1.  From a study by Islam et al. (2010), the Arabidopsis Attpc1 mutant 

neither induces stomatal closure in the presence of exogenous Ca2+, nor activates S-type anion 

channel in the presence of high cytosolic Ca2+ (Islam et al., 2010). This suggests involvement of 

the Ca2+ channel, functioning upstream of the anion channels, at least the S-type channel, in 

stomatal closure.     

 Ca2+ pumps and carriers. Beside Ca2+ channels, Ca2+ can be transported by two other 

groups of transporters: the autoinhibited Ca2+ ATPase (ACA) family (Carafoli, 1992, Carafoli & 

Brini, 2000), and the Ca2+ exchanger (CAX) family (Hirschi et al., 1996). ACA is a family of Ca2+ 

pumps. ACAs are believed to promote plant growth and development as mutants of ACA genes 

caused reduced growth of pollen tubes and aborted fertilization (Schiott et al., 2004, Lucca and 

León, 2012, Iwano et al, 2014). However, the involvement of ACA in guard cell signaling is still 

unclear. The CAX family is a group of antiporters which exchange Ca2+ and H+ in the opposite 

direction.  The first two CAX genes (CAX1 and CAX2), encoding polypeptides with sequence 

similar to microbial H+/Ca+ antiporters,  were isolated from Arabidopsis. Vesicles from AtCAX-

transformed yeast cells showed significantly increased Ca2+ uptake, suggesting that the genes 

encode for H+/Ca+ exchangers (Hirschi et al., 1996). Two different groups of researchers have 
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shown effects of knockdown of cax1, cax3 and cax1/cax3 on stomatal function. While Conn et al., 

(2011) showed constitutive stomatal closure in knockdown mutants cax1/cax3, Cho et al., (2012) 

showed that mutants cax1, cax3 and cax1/cax3 are impaired in light-induced stomatal opening, 

and the plant hormone auxin failed to inhibit ABA-induced stomatal closing in cax1, cax3 and 

cax1/cax3 (Cho et al., 2012). However, when response to the hormone auxin was restored by 

lowering the apoplastic pH, stomata of the mutants remained more closed. At lower pH, the results 

were consistent with the other study. Thus the authors have suggested that the CAX genes act 

downstream of auxin in maintaining ion homeostasis and pH.   

1.1.4.2. K+ transporters 

 K+ channels. In plants, K+ channels can be divided into two groups: voltage-gated K+ 

channels and non-gated K+ channels. All voltage-gated K+ channels share a common structure, 

with six transmembrane domains and a pore loop. The first four domains form a voltage sensor 

and the other two transmembrane domains together with the pore loop forms a K+ permeable 

pathway (Figure 1.7A). These voltage-gated channels are found on plasma membrane with most 

channels moving K+ inwardly, namely KAT, AKT, KC (Table 1.1). Presently, only two outward-

rectifying K+ channels have been identified: Stelar K+ outward rectifier (SKOR) and Guard cell 

outward rectifying K+ channel (GORK) (Gaymard et al., 1998, Ache et al., 2000). Knockout of the 

GORK gene in Arabidopsis causes a reduced stomatal response to ABA and darkness (Hosy et al., 

2003). In Arabidopsis, fifteen K+ channels have been identified with nine members being voltage-

gated and six members non-gated (Table 1.1). All six members of the non-gated K+ channels 

(KCO1 to KCO6) initially belonged to the K+ channel opener (KCO) family. Beside KCO3 having 

a single subunit that forms the functional channel, the other five KCO channels assemble as dimers   
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Figure 1. 7. The secondary structure of plant K+ channels  

A. Voltage-gated K+ channel with the first four transmembranes forming a voltage sensor, and the 

other two transmembranes forming an ion permeable pathway with the pore loop. B. Non-gated 

K+ channel. KCO3 has a single subunit that forms a functional channel. TPK channels assemble 

as dimers by forming two identical subunits.  
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Channel class Sub-family Channel name (other names) Full name 

Voltage-gated 

(found in plasma 

membrane) 

Inward-

rectifying K+  

channels 

KAT1 K+ Channel in 

Arabidopsis 

thaliana 
KAT2 

AKT1 Arabidopsis K+ 

Transport 

system 

AKT2 (AKT3, AKT2/3) 

AKT5 

KC1 (KAT3/AKT4) K+ rectifying 

Channel 

SPIK (AKT6) Shaker pollen 

inward K+ 

channel 

 Outward-

rectifying K+ 

channels 

SKOR Stelar K+ 

Outward 

Rectifier 

GORK Guard cell 

Outward- 

rectifying K+ 

channel 

Non-gated K+ 

channels 

(found in vacuolar 

membrane except 

for TPK4) 

Tandem-pore K+ 

channels 

TPK1 (KCO1) Tandem-pore K+ 

channels TPK2 (KCO2) 

TPK3 (KCO6) 

TPK4 (KCO4) 

TPK5 (KCO5) 

KCO family KCO3 K+ channel 

openers 

Table 1.1. K+ channels in Arabidopsis 
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by forming two identical “transmembrane-loop-transmembrane” subunits (Figure 1.7B). The five 

KCO channels were separated from KCO3 and later named tandem-pored K+ (TPK) channels 

(Becket et al., 2004). Except for TPK4, located on the plasma membrane, the other non-gated K+ 

channels are found on the vacuolar membrane (Czempinski et al., 2002, Schonknecht et al., 2002, 

Voelker et al., 2006, Dunkel et al., 2008). Nonetheless, the role of TPK channels in plants is still 

unclear.   

K+carriers. Beside K+ channels, plants have three other K+ transporter families: the 

KT/HAK/KUP (K+ transporter/High-Affinity K+ transporter/K+ uptake permease) transporters, the 

TRK/HKT (K+ Transporter/ High-affinity K+ transporter) transporters and the CPA (Cation Proton 

Antiporter) transporters. Due to different authors using different names, the name KT/HAK/KUP 

was given to the family of symporters of K+ and H+, and the TRK/HKT family refers to symporters 

of K+ and Na+ (Quintero et al., 1997, Santa-Maria et al., 1997, Fu et al., 1998, Kim et al., 1998, 

Haro et al., 1999, Kato et al., 2001, Maser et al., 2002, Gierth and Maser, 2007). However, there 

has been no evidence that these two families of K+ transporters are involved in stomatal function. 

Rather, they are found mostly in root cells taking up K+ for plant growth and maintaining 

homeostasis under salinity and drought conditions (Rubio et al., 2000, Elumalai et al., 2002, 

Osakabe et al., 2013, Chen et al., 2015). Lastly, within the big family of CPA are three groups of 

antiporters: the Na+, K+ /H+ exchangers (NHX), the K+ efflux antiporter (KEA) and cation/H+ 

exchangers (CHX). Like the other two families of transporters, CPA is also known for its role in 

maintaining homeostasis and assisting in salt tolerance (Almeida et al., 2017, Jia et al., 2018). 

However, several CPA genes including NHX1, NHX2 and CHX20 were found highly expressed 

in guard cells. Double mutants nhx1/nhx2 showed impairment in plant growth and stomatal 
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function and mutants chx20 showed reduced stomatal opening in response to light (Padmanaban 

et al., 2007, Barragán et al., 2012).  

1.1.4.3. Anion transporters 

 Unlike in animals, where chloride is the most abundant anion, in plants, the two types of 

anions found most abundantly are malate and nitrate. There are four gene families encoding anion 

channels/transporters in plants: the CLC family, the ALMT/QUAC family, the SLAC family, and 

the nitrate transporters (NRT) family.  

 The CLC family. The CLC family in plants were identified based on homologs of the CLC 

genes in animals. Although being called the chloride channel, this family contains both Cl- 

channels and Cl-/H+ antiporters (Jentsch, 2008, Lisal and Maduke, 2009). In Arabidopsis, seven 

CLC genes were identified, from CLCa to CLCg. Interestingly, the CLCa protein in Arabidopsis 

was found to be a NO3
-/H+ antiporter (De Angeli et al., 2006). Since CLCa is highly similar to the 

other six CLC genes (up to 87%), it was suggested that they potentially share the same properties 

(Zifarelli and Pusch, 2010). CLCc was found highly expressed in guard cells and plays a role in 

regulating stomatal movement. In the clcc mutant, stomata failed to close in response to ABA and 

had reduced opening in response to light, thus demonstrating that CLCc plays a crucial role in 

stomatal movement (Jossier et al., 2010).  

 The ALMT family. The ALMT family was first identified in wheat (Triticum aestivum), 

and mostly found in root cells (Sasaki et al., 2004). As its name suggests, the TaALMT1 channel 

transports malate and is aluminum sensitive. This family was first thought to play significant roles 

in aluminum resistance (Sasaki et al., 2004). Under high aluminum soil conditions which are toxic 

to plants, malate is extruded from these channels to chelate the harmful cations. The ALMT1 gene 

in other species such as Arabidopsis (AtALMT1), canola (BnALMT1) and soybean (GmALMT1) 
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have also been shown to have similar functions (Hoekenga et al., 2006, Ligaba et al., 2006, Liang 

et al., 2013).  

 Other members of the ALMT family have been identified and studied extensively. 

Interestingly, unlike ALMT1, most other ALMT members are not involved in aluminum 

resistance, but in other functions such as fruit acidity and stomatal functions. This  is consistent 

across many species including wheat, corn, rice, grape, apple, tomato, etc. (Sasaki et al., 2010, 

Meyer et al, 2011, Ligaba et al., 2012, Bai et al., 2012, De Angeli et al., 2013, Liu et al., 2017). 

Many of these ALMT genes are found located in other parts of plants rather than in root apices.  

In Arabidopsis, AtALMT4, AtALMT6, AtALMT9 and AtALMT12 are all found in guard cells and 

are involved in stomatal movement (Eisenach et al., 2017, Meyer et al., 2011, De Angeli et al., 

2013, Meyer et al., 2010). Beside malate, channels of the ALMT family are also permeable to Cl-

, NO3
- and even SO4

2- (Pineros et al., 2008). Furthermore, the AtALMT12 gene was shown to be 

insensitive to aluminum salts (Meyer et al., 2010).  

 QUAC versus SLAC. Using the patch-clamp technique, Schroeder and Keller (1992) 

distinguished that there are at least two types of anion channels: the rapid type (R-type) and the 

slow type (S-type) present in the plasma membrane of guard cells. The R-type channels can be 

fully activated and rapidly inactivate within milliseconds, while the S-type channels can take up 

to several tens of seconds to be fully activated, followed by a slow inactivation of the channels. In 

2008, the first S-type anion channel in guard cells was identified and named SLAC1 (Slow anion 

channel 1) (Vahisalu et al., 2008). Several SLAC1-homologous (SLAH) proteins, SLAH1 to 

SLAH4, have been identified since, and shown to accumulate and translocate Cl- and NO3
- from 

root to shoot (Maierhofer et al., 2014, Cubero-Font et al., 2016, Qiu et al., 2016). Additionally, 

SLAH3, along with SLAC1, were also shown to inhibit the inward K+ channels KAT1 and KAT2 
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dramatically, thus functioning as negative regulators of stomatal opening (Deger et al., 2015, 

Zhang et al., 2016). In 2010, the Arabidopsis ALMT12 gene from the ALMT family was shown 

to encode an R-type anion channel in guard cells and renamed to QUAC1 (Quick anion channel 

1) (Meyer et al. 2010). Details of the QUAC channel are described in the next section.  

The NRT family. Nitrate is a nutrient that is vital for plant health and development. The 

NRT is a large family of NO3
- and H+ symporters, consisting of three subgroups: NRT1, NRT2 

and NRT3. NRT1 genes encode for low-affinity nitrate transporters and NRT2 genes encode for 

high-affinity nitrate transporters. Most of the NRT2 genes have been shown to require a nitrate 

accessory protein (NAR) to function (Quesada et al., 1994, Zhou et al., 2000, Yong et al., 2010, 

Kotur et al., 2012.). Xenopus oocytes injected with NAR2 and NRT2.1 genes separately failed to 

produce nitrate currents (Zhou et al., 2000, Tong et al., 2005), indicating the NAR2 genes facilitate 

NRT2 transport activity. Thus, NAR2 was proposed to be named NRT3. Most NRTs are involved 

in the nitrate uptake from soil and transportation of nitrate from root to shoot. However, the 

NRT1.1 in Arabidopsis was reported to be expressed in guard cells, and the nrt1.1 mutant impaired 

in stomatal opening in response to light (Guo et al., 2003).  

1.1.4.4. H+ transporters 

 H+ in plants is actively transported by carriers (symporters, antiporters) and pumps. Proton 

carriers, including CAX, KT/HAK/KUP/, CPA, CLC, NRT, have been described in the above 

sections, as they cotransport H+ and other ions.   

 Proton pumps. There are two main types of proton pumps: the H+-ATPase and H+-PPase 

(H+ pyrophosphatase). Pyrophosphate is a by-product of several reaction processes such as 

polymerization of DNA and protein synthesis. While H+-ATPase breaks down ATP for energy, 

H+-PPase breaks down pyrophosphate for energy to pump protons across. H+ pumps play  
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important roles in many plant activities, such as regulation for ion homeostasis, nutrient 

transporters, regulating plant growth, and regulating stomatal movement. The plasma membrane 

H+-ATPase in guard cells is especially crucial for stomatal opening in response to blue light (Wang 

et al., 2014, Yamauchi et al., 2016, Inoue and Kinoshita, 2017).  

 Regulation of H+-ATPase via blue light. Plants have blue light receptors called 

phototropins (PHOT1 and PHOT2). Phototropins contain a light sensing domain and a 

serine/threonine protein kinase domain. When the receptor senses blue light, it is stimulated by 

autophosphorylation and binds to 14-3-3 proteins (Tseng et al., 2012). The 14-3-3 proteins then 

bind to and activate H+ATPase in guard cells by phosphorylation (Kinoshita and Shimazaki, 1999).  

1.1.5. Regulation of stomatal movement 

Current clamp recordings showed resting potentials between -60 and -160 mV for guard 

cells (Schroeder, 1987). Hyperpolarization and depolarization of the guard cell membrane trigger 

the activation of outward rectifying K+ and inward rectifying K+ channels, respectively. This, 

subsequently, results in the opening and closing of stomata.  

1.1.5.1. Opening stomata 

Stomata opening can be induced by light, especially blue light (Darwin 1989, Shimazaki 

et al., 2007). As described above, in the presence of light, the light receptor phototropin is 

stimulated and activates H+-ATPase, which pumps H+ out of guard cells (Assmann et al., 1985, 

Shimazaki et al., 1986, Kinoshita and Shimazaki, 1999). The efflux of H+ hyperpolarizes the 

plasma membrane, leading to the activation of the voltage-gated inwardly rectifying K+ channels, 

such as KAT1, KAT2, AKT1 (Schroeder et al., 1987). Ions moving into guard cells followed by  

osmosis increase the turgor pressure, causing stomata to open (Figure 1.8A). Since the influx of 

K+ should be accompanied by the influx of anions, several research groups have proposed the 
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involvement of H+/Cl- symporters in stomatal opening (Assmann and Wang, 2001, Dietrich et al., 

2001). Guo et al., (2003) showed that the H+/NO3
- symporter NRT1.1 is expressed on the plasma 

membrane of guard cells and functions in stomatal opening.  In addition to activating the proton  

 

Figure 1. 8. Mechanism of stomatal movement  

A. Stomatal opening. Protons leave guard cells through the proton pump H+-ATPase (1), causing 

hyperpolarization of the plasma membrane (2), which in turn activates the inwardly rectifying 

potassium channels (3). Movement of the potassium ions and water (via osmosis) into guard cells 

increases the turgor pressure and opens stomata. B. Stomatal closure. ABA binding to its 

receptors (1) stimulates the production of reactive oxygen species (ROS) (2). Increased ROS 

stimulates release of Ca2+ from the vacuole into the cytosol and influx of Ca2+ across the guard 

cell membrane through Ca2+ permeable channels (3). High cytosolic Ca2+ concentration then 

stimulates the activation of membrane anion channels, resulting in an efflux of chloride and other 

anions (4). The efflux of anions depolarizes the guard cell membrane potential (5), which in turn 

activates the outward rectifying potassium channels (6). Outward movement of potassium ions 

decreases the turgor pressure of guard cells and closes stomata.  
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pump H+-ATPase, phototropins also inhibit the activity of S-type anion channels, which prevents 

anions from leaving guard cells, maintaining a high turgor pressure (Marten et al., 2007).  

1.1.5.2. Closing stomata 

When photosynthesis is not occurring, and the CO2
 level is high, or if the air is too dry or 

hot, plants will signal for stomatal closure. One of the primary signaling pathways for stomatal 

closure involves the plant hormone ABA.  

ABA is a hormone originally believed to be involved in the abscission process of plants, 

thus given the name abscisic acid. However, further studies showed it is the hormone ethylene, 

rather than ABA, that triggers abscission, and ABA only promotes abscission through ethylene 

(Morgan and Durham 1973, Brown, 1997). Nonetheless, ABA plays many important roles in plant 

developmental processes and plant responses to biotic and abiotic stress, such as dormancy, 

germination, cold, heat, drought tolerance, and stomatal function (Tuteja, 2007, Nakashima and 

Yamaguchi-Shinozaki, 2013, Sah et al., 2016, Huang et al., 2017, Vishwakarma et al., 2017). ABA 

can be synthesized in guard cells for rapid stomatal response, but mostly is synthesized in the 

vascular tissues in leaves, where many ABA biosynthesis enzymes are localized (Koiwai et al., 

2004, Kuromori et al., 2014, Merilo et al., 2015). Since guard cells are in the epidermal layers of 

plants, and vascular tissues are inside the plant body, ABA has to be transported from vascular 

tissues to guard cells to signal stomatal closure. Following this hypothesis, researchers have 

identified ABA transporters on both the vascular tissues and guard cell membrane (Kang et al., 

2010, Kuromori et al., 2010, Kuromori et al., 2014, Meriolo et al., 2015).   

When plants are under stress, ABA accumulates in guard cells and initiates the signaling 

pathway for stomatal closure. ABA binding to its receptors inhibits the protein phosphatase 2C 

(PP2C), a negative regulator of the Open Stomata 1 (OST1) kinase. Inhibition of PP2C 
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phosphatase releases and activates OST1 through autophosphorylation (Vlad et al., 2009). From 

here, ABA signals by either a Ca2+-independent or Ca2+-dependent pathway. In the case of the 

Ca2+-independent pathway, OST1 directly activates the S-type and R-type anion channels, 

resulting in an efflux of chloride, malate and other anions (Lee et al., 2009, Geiger et al., 2009, 

Imes et al., 2013).  The efflux of anions depolarizes the guard cell membrane potential, which then 

activates the outward movement of potassium ions and decreases the turgor pressure of guard cells, 

resulting in the closure of the stomata (Ward et al., 2009, Hosy et al., 2003). In the case of Ca2+-

dependent signalling, the OST1 kinase phosphorylates and activates the reactive oxygen species 

(ROS)-generating enzyme NADPH oxidase, which stimulates the production of ROS (Sirichandra 

et al., 2009). ROS are unstable molecules containing oxygen, such as superoxide anion (O2
-), 

hydrogen peroxide (H2O2) and hydroxyl radical (•OH), formed by the reductions of oxygen, and 

therefore can easily react with other molecules. Mutations of the NADPH oxidase encoding genes 

(RbohD and RbohF) impair ABA-induced stomatal closing (Kwak et al., 2003). ROS, more 

specifically H2O2, stimulates the elevation of cytosolic Ca2+ levels by activating Ca2+ permeable 

channels on the plasma membrane of guard cells (Pei et al., 2000, Zhang et al., 2001). Patch clamp 

studies showed an increase in the activities of the Ca2+ channel with increasing H2O2 

concentrations (Pei et al., 2000). This is consistent with the findings that ABA triggers Ca2+ 

channel activities and increases cytosolic Ca2+ of guard cells (Schroeder and Hagiwara 1990, 

Hamilton et al., 2000, Kohler et al., 2003). The high cytosolic Ca2+ concentration in guard cells 

then stimulates the activity of Ca2+ -dependent protein kinases (CPKs), which in turn activate the 

same S-type and R-type membrane anion channels as in Ca2+-independent pathway, resulting in 

stomatal closure (Mori et al., 2006, Geiger et al., 2010, Brandt et al., 2012, Scherzer et al., 2012).  
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On a side note, increases in cytosolic Ca2+ concentration also inhibit the activities of both 

the H+-ATPase pump and the inward rectifying K+ channels, which are required for stomata 

opening (Kinoshita et al., 1995, Schroeder & Hagiwara, 1989, Blatt et al., 1990). 

1.2. Quick anion channel (QUAC) 

1.2.1. The effect of QUAC1 on stomatal closure 

 As an R-type anion channel in guard cells, QUAC1 plays an important part in stomatal 

closure. Prior to the renaming of ALMT12 to QUAC1, the effects of ALMT12 on stomatal 

functions, including stomatal conductance and aperture in responses to light/darkness, ABA, and 

CO2, were investigated in two separate studies. Sasaki et al. (2010) showed that loss-of-function 

of the AtALMT12 results in impaired stomatal closure. Knockdown mutation of AtALMT12,    

(Atalmt12-1) showed a larger aperture in response to darkness, Ca2+ and exogenous ABA 

compared to wildtype. Furthermore, the atalmt12-1 plants had a higher rate of water loss and were 

more susceptible to drought (Figure 1.9) (Sasaki et al., 2010). Meyer et al., (2010) also showed the 

atalmt12 knockdown plants had suppressed stomatal closure in response to ABA and CO2, and a 

much slower decline of stomatal conductance in response to darkness. Taken all together, the 

ALMT12/QUAC1 gene is an essential component in regulating the function of stomata.  

1.2.2. Molecular characteristics and functional domain of QUAC1 

Like other members of the ALMT family, QUAC1 also contains an ALMT (PF11744) 

domain. In 2004, the first ALMT gene was first discovered in wheat by Sasaki et al. Since then, 

researchers had identified other members of the family by using either the wheat TaALMT1 gene 

or the UPF005 (uncharacterized protein family five) domain as a search sequence (Delhaize et al.,  
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Figure 1. 9.  Wildtype and mutant of Arabidopsis plants in response to drought  

Image from Sasaki et al., 2010. One-week-old Arabidopsis plants were subjected to water 

withholding for a further two weeks. Under drought, plants close stomata to prevent water loss. 

However, the knockdown mutant almt12-1 impaired stomatal responses, thus became more 

susceptible drought.  

  



 

28 
 

2007, Hoekenga et al., 2006). The UPF005 domain has now been renamed to Bax1-I (Inhibitor of 

apoptosis-promoting Bax1, PF01027), and the ALMTs have been moved to their own group 

(Aluminum activated malate transporter, PF11744). The PF11744 domain has been shown to be 

highly conservative with five to seven transmembrane domains at the N-terminus, a WEP 

fingerprint motif (Trp-Glu-Pro) (Delhaize et al., 2007, Dreyer et al., 2012). The glutamate in the 

WEP-motif is thought to be involved in the ALMT channel activation (Furuichi et al., 2010), 

though the function of the motif remains unknown.   

Predictions of the secondary structure of QUAC1 also show six alpha helix transmembrane 

domains at the N-terminus and a large soluble C-terminal domain (Figure 1.10). Aside from the 

ALMT domain, little information is available about the structure and functional domains of 

QUAC1.  

1.2.3. The regulations of AtQUAC1 activities 

Although originating from the ALMT family, AtQUAC1 is not aluminum sensitive, and 

the activation of the AtQUAC1 channel does not require Al3+. Instead, AtQUAC1 activation is 

malate and voltage-dependent (Meyer et al., 2010). Both in the presence and absence of Al3+, 

injection of malate into AtALMT12-expressing oocytes caused a significant increase in the 

recorded currents of oocytes (Meyer et al., 2010). Beside the AtQUAC1 (AtALMT12) channel, the 

AtALMT9 channel has also been shown to be activated by cytosolic malate, but this channel 

transports mainly Cl- ions (De Angeli et al., 2012). In addition to the regulation by malate, co-

expression of AtQUAC1 and OST1 in oocytes showed a much pronounced activation compared to 

expression of AtQUAC1 alone, and the QUAC1-type currents of guard cell protoplasts were shown 

to be induced by ABA (Imes et al., 2013). 
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Figure 1. 10. Secondary structure of QUAC1  
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Both the S-type and R-type channels are regulated through ABA signaling pathways, which 

have been described briefly in the closing stomata section. Main components in this pathway 

include: ABA, ABA receptors, PP2C phosphatases, OST1, CPK, ROS, Ca2+ channels, and anion 

channels (SLAC and QUAC).   

ABA receptors are the first main component in the pathway by which QUAC1 is regulated.  

There are three types of ABA receptors grouped together based on their subcellular locations: on 

the chloroplast envelope, on the plasma membrane, and in the cytosol. The first receptor 

ChlH/ABAR/CCH/GUN5 (Mg2+-chelatase H subunit/Abscisic Acid Receptor/Conditional 

Chlorina/Genome Uncoupled 5) localized on the chloroplast is an ABA-binding protein and was 

shown to mediate ABA responses such as seed germination, and stomatal movement (Zhang et al., 

2002, Shen et al., 2006, Wu et al., 2009). The second group of ABA receptor consists of  GCR2 

(G-protein coupled Receptor 2) and GTG (GPCR-type G proteins), both localized on the plasma 

membrane. Whether GCR2 is an ABA receptor is still controversial. The protein was initially 

reported to interact with the G protein α subunit and proposed to be involved in all ABA responses 

including the expression of ABA-responses genes, stomatal movement, and seed germination, and 

identified as an ABA receptor (Liu et al., 2007). However, in further studies, gcr2 mutants did not 

show insensitivity to ABA, and double mutants of gcr2 and its homolog showed wild-type 

phenotype in response to ABA (Gao et al., 2007, Guo et al., 2008). The GTG proteins were also 

identified due to their sequence similarity to the (G-protein coupled receptor) GPCR protein and 

interaction with the G protein α subunit (Pandey et al., 2009). The same authors showed that GTG 

bound to ABA and the knockout gtg1/gtg2 mutant caused ABA hyposensitivity in seed 

germination, thus suggesting the GTG proteins to be ABA receptors. Additionally, in an 

independent study, ABA was again shown to bind the GTG1 protein in both Sacaromycese 
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cerevisiae and in vitro (Kharenko et al., 2013). The last group of ABA receptors is the 

PYR/PYL/RCARs (Pyrabactin Resistance / PYR-like / Regulatory Component of ABA Receptor) 

localized in the cytosol. Pyrabactin is an ABA agonist and was isolated as a seed germination 

inhibitor (Zhao et al., 2007). The PYR genes were found and isolated through screening for 

pyrabactin-resistant mutant alleles in Arabidopsis (Park et al., 2009). At the same time, the RCAR 

genes were identified based on their ability to bind to ABA, and regulate the ABA signaling 

pathway by inhibiting PP2Cs (Ma et al., 2009). Thus, the family of PYR/RCAR proteins was 

recognized as ABA receptors (Park et al., 2009, Ma et al., 2009). Since then, other research groups 

have also shown that PYRs  are major PP2C-interacting proteins and play an important role in 

ABA signalling (Nishimura et al., 2010, Antoni et al., 2013).  

PP2C, which acts downstream of ABA receptors, belongs to the large family of protein 

serine/threonine phosphatases in animals and plants. In animals, the phosphatases are classified 

into four groups: PP1, PP2A, PP2B, and PP2C based on their target substrates and inhibitors 

(Ingebritsen and Cohen, 1983).  However, there are only three groups in plants: the PP1, PP2A 

and PP2C as the homologs of mammalian PP2B have not yet been found. PP1, PP2A and PP2B 

have similar amino acid sequences in the catalytic subunit, and therefore form their own family 

referred to as the PPP (Phospho-protein phosphatases) family of protein serine/threonine 

phosphatases. PP2C by itself forms a PP2C family, also known as the  PPM (metal-dependent 

protein phosphotase) family since PP2C phosphatases require either Mg2+ or Mn2+ for their 

enzymatic activities (Cohen, 1989). In plants, PP2C is the largest family of phosphatases, 

accounting for up to 65% of phosphorylases (Singh et al., 2010). PP2C phosphatases are known 

to negatively regulate ABA signaling since the discovery and isolation of the ABA-insensitive 1 

(ABI) and ABA-insensitive 2 (ABI2), phosphatases that has high sequence homology with  PP2Cs 
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(Leung et al., 1994, Meyer et al., 1994, Leung et al., 1997, Gosti et al., 1999). Mutations of ABI1 

and ABI2 causes ABA insensitivity (Leung et al., 1997, Gosti et al., 1999). To date, other PP2C 

phosphatases that regulate ABA signal transduction have also been identified, such as HAB1, 

HAB2 (Homology to ABI1), HAI1, HAI2, and HAI3 (Highly ABA-induced PP2C) (Rodriguez et 

al., 1998, Saez et al., 2004, Yoshida et al., 2006).  

OST1, a target of PP2C is a kinase belonging to the SnRK2 [SNF1 (sucrose non-

fermenting-1)-related protein kinase 2] family. Members of this family are serine/threonine 

kinases involved in ABA responses including stress responses and plant development. Some of 

the earlier-identified members of SnRK2 include the NtOSAK (Nicotiana tabacum osmotic stress-

activated protein kinase) kinase and the AAPK (ABA-activated protein kinase) kinase 

(Mikolajczyk et al., 2000, Li et al., 2000). Mutation of AAPK in Arabidopsis blocks ABA-

activation of anion channels and impairs stomatal closure in response to ABA (Li et al., 2000). To 

date, ten members of the SnRK2 family have been identified in Arabidopsis as well as in rice. The 

OST1 kinase, also called SnRK2.6) has been recognized as one of the main components in 

regulating stomatal response (Mustilli et al., 2002, Yoshida et al., 2002).  

In the absence of ABA, PP2C phosphatases, such as ABI1 and ABI2, bind to and inhibit 

the activities of CPK and OST1 by dephosphorylation (Yoshida et al., 2006, Geiger et al., 2010, 

Zhou et al., 2012, Soon et al., 2012). In the presence of ABA, ABA receptors PYL/PYR/RCAR 

upon binding to ABA, interact with and inhibit the activities of PP2Cs (ABI1, ABI2, ABI3) (Park 

et al., 2009). This initiates the Ca2+-dependent and Ca2+-independent ABA signalling pathways as 

described in section 1.1.5.2 (Figure 1.11). SLAC proteins, including SLAC1, SLAH3, have been 

reported to be regulated by both the CPK and OST1 kinases (Geiger et al., 2010, Brandt et al., 
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2012). Although the association between QUACs and CPK remains unexplored, it is very possible 

that the protein CPK also regulates QUAC1 activity (Figure 1.11).   

1.3. The role of Ca2+ and CaM in stomatal aperture 

1.3.1. A brief overview of Ca2+ and plant CaM  

 Ca2+ dependent anion channels have been studied extensively in mammalian systems. In 

recent years, increasing numbers of studies have reported the link between CaM and anion 

channels (Yang and Colecraft, 2016, Tian et al., 2010). Ca2+ is a critical intracellular secondary 

messenger in plants. It is involved in many signal transduction pathways that regulate daily 

activities such as stomatal functions and transpiration to plant defense responses against pathogen 

invasion and abiotic stresses. As such, the cytosolic Ca2+ level is increased in response to many 

environmental and physiological stimuli such as cold, heat, drought, light, dark, high CO2, 

wounding, pathogen elicitors, and plant hormones. Elevation in cytosolic Ca2+ levels can be 

quickly detected by Ca2+ sensors. Most Ca2+ sensors can bind to Ca2+ using the EF-hand motif, 

which has a helix-loop-helix structure. Ca2+ sensors bound to Ca2+ undergo a conformational 

change which allows their interactions with other proteins or changes in their enzymatic activities, 

which can begin Ca2+ -mediated signal transduction. In plants, Ca2+ sensors have been clustered 

into three major classes: CaM, Ca2+ -dependent protein kinase (CPK) and calcineurin B-like 

protein (CBL).  

CaM. CaM is a small messenger protein made of 148 amino acid residues. The protein has 

a simple structure - two globular domains connected by a central alpha-helix. Each globular 

domain has three alpha-helices, forming two Ca2+ -binding EF-hands (Chattopadhyaya, 1992) 
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Figure 1. 11. Regulation of QUAC1/SLAC1 through ABA signaling pathways 

Red arrows indicate inhibition. Green and yellow arrows indicate activation under Ca2+ -

independent and Ca2+ -dependent pathway, respectively. A) In the absence of ABA, ABI1 (PP2C) 

inhibits CPKs and OST1. B) In the presence of ABA, ABA binding to its receptors inhibits the 

activities of PP2C phosphatase ABI1. CPKs and OST1 kinases are released from ABI1 inhibition. 

In the Ca2+ -independent pathway, OST1 phosphorylates and stimulates the activation of anion 

channels QUAC1, SLAC1 and SLAH3. In the Ca2+ -dependent pathway, beside ABA, OST1 also 

stimulates ROS production through phosphorylation of the NADPH oxidase. ROS  in turn 

activates Ca2+ permeable channels on the membrane of guard cells which results in an elevation 

of cytosolic Ca2+ level (Pei et al., 2000, Zhang et al., 2001). The cytosolic Ca2+ then stimulates the 

activity of CPKs which phosphorylate the same anion channels, leading to stomatal closure.  
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CBLs and CPKs. CBLs are Ca2+ sensors that have been identified only in plants. Unlike 

CPKs and CaM which have four Ca2+ binding EF hands, CBLs only have three EF hands. There 

have not yet been any studies regarding the conserved domains and motifs of CBLs. Nonetheless, 

CBLs are well known for their role in the CBL-CIPK (CBL-interacting protein kinase) network, 

which plays a vital role in Ca2+ signaling in response to stress (Luan, 2009, Mao et al., 2016).  

CPKs are a large family of serine/threonine kinases in plants. The CPK proteins are much 

larger proteins compared to CBLs and CaM, and contain a kinase domain which CBLs and CaM 

do not possess. The CPK kinases contain four domains: the protein kinase domain, the Ca2+ -

binding domain, the N-terminus variable domain and the autoinhibitory junction. (Harmon et al., 

2001). Like other Ca2+ sensors, there has been increasing evidence supporting the important role 

of CPK in various physiological processes including plant stress responses and plant growth 

(reviewed in Arimura and Maffei 2010, and Gardette et al., 2014).  

1.3.2. The structure of CaM binding domains 

 As an important component in the Ca2+ signal transduction pathways, CaM as well as its 

targets, CaM binding domains, have been studied extensively and are well characterized. CaM-

binding proteins contain a basic amphiphilic alpha helix. This helix is the CaM binding domain, 

which CaM binds to specifically (Figure 1.12). Most CaM-binding domains have been identified 

as 15 to 20 amino acid peptides, in the form of an alpha helices with one side being hydrophobic 

and the other having basic residues predominantly (O’Neil & DeGrado, 1990, Dash et al., 1997).  

1.3.3. The mechanism of CaM binding to target proteins 

CaM, after binding to Ca2+ ions, undergoes conformational changes such that the 

hydrophobic methyl groups of the methionine residues become exposed to the surface (LaPorte et  
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Figure 1. 12. The structure of CaM  

Two globular domains are connected by a central alpha-helix. Each globular domain has three 

alpha-helices, forming two EF-hands for Ca2+ binding. 
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al., 1980, Siivari et al., 1995). This hydrophobic side then binds to the basic amphiphilic alpha 

helix of the target protein and stimulates activities of the protein (Cox, 1985) (Figure 1.13).  

1.3.4. The effect of Ca2+ and CaM on stomata 

 As described in previous sections, stomatal aperture is modulated mainly through the ABA 

signaling pathways. For decades, extensive research has been done to investigate the involvement 

of Ca2+ and CaM in response to ABA. Ca2+ ions, Ca2+ ionophores and Ca2+ -channel blockers, CaM 

binding drugs and CaM inhibitors have all been shown to affect stomatal movement (Donovan et 

al., 1985, De Silva et al., 1985a, De Silva et al., 1985b, Nejidat et al., 1987, Schwartz et al., 1988, 

Gilroy et al., 1991). De Silva et al., 1985a showed that stomata closure could be triggered by 

simply incubating the leaf epidermis in CaCl2 solution. In Commelina communis, stomata failed 

to close in response to ABA upon treatment with either the Ca2+ channel blockers Verapamil, 

Nifedipine, and Lanthanum or the CaM antagonists Trifluoperazine, W-7 and Compound 40/80. 

The authors had tested a variety of Ca2+ and CaM inhibitors in the studies, nonetheless, the 

outcome from the experiments was consistent (De Silva et al., 1985b, Donova et al., 1985). 

Additionally, the inward rectifier K+ channels required for stomatal opening and the anion channels 

required for stomatal closure have been shown to be regulated by cytosolic Ca2+ (Schroeder & 

Hagiwara, 1989, Keller et al., 1989). As mentioned above, studies in mammalian systems have 

shown CaM regulating anion channels, particularly chloride channels, such as TMEM16A and 

16B (Yang and Colecraft, 2016). However, to date, whether CaM directly interacts with or 

regulates anion channels in plants remains unexplored.  
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Figure 1. 13. Mechanism of CaM binding  

Figure adapted from Das et al., 2013. CaM has 2 EF hands on each terminus for Ca2+ binding. 

After binding to Ca2+, CaM goes through a conformational change and becomes an active Ca2+ - 

CaM complex which binds to the target protein and stimulates its activities. 
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1.4. Stomata and Wheat rust infection 

1.4.1. Wheat rust diseases and the three types of wheat rusts 

Although stomata play a crucial role in plants’ adaptation to the environment, they are also 

responsible for being the route of entry for disease infections. Most pathogens infect plants through 

stomata openings, including rusts. Wheat rust diseases are one of the oldest diseases recognized in 

plants and have been known to cause devastating crop loss. Epidemic sites of wheat rust have been 

observed in South and Central America, Europe, Central Asia, East and Northern Africa, with 

most recent outbreaks in Argentina (2017) and in Ethiopia (2016), according to the International 

Maize and Wheat Improvement Center (CIMMYT) Rust tracker.  Rust infection is favored by 

warmer climates and high humidity environments for infection. Once successfully infected, the 

disease can destroy the entire wheat crop, thus, wheat rust disease has been a global concern for 

decades. According to the American Phytopathological Society, it is estimated that more than 5 

billion dollars are lost due to cereal rusts each year, globally.  

There are three types of rust diseases in wheat: leaf rust, stem rust, and stripe rust, caused 

by the fungus Puccinia triticina, Puccinia graminis and Puccinia striiformis, respectively. Rusts 

are biotrophic pathogens as they take nutrients from the host plants via haustoria. All three types 

of rust diseases have similar symptoms, which are pustules producing rust spores. However, each 

type of rust can be distinguished by the sites of infection, and the colors and sizes of pustules. 

Pustules of leaf rust are smaller, reddish-orange and are generally observed on the leaves of 

infected plants (Figure 1.14A). Stem rust occurs primarily on the stems of infected plants, but can 

also be found on leaves and spikes. While leaf rust is more clustered, stem rust appears scattered 

and has a brownish-black color (Figure 1.14B). Stripe rust occurs on the leaves and spikes of  
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Figure 1. 14. Pustules caused by rust diseases  

A. Leaf rust. B. Stem rust. C. Stripe rust. 
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infected plants and is distinguished by its light-yellow pustules arranged into stripes (Figure 

1.14C).  

1.4.2. Life cycle of rusts  

 The life cycle of wheat rusts includes five different types of spores formed on two host 

plants: a primary host, wheat, and an alternate host, such as barberry (Bolton et al., 2008). After 

infection, thousands of urediniospores are produced inside a pustule. Urediniospores can be spread 

by wind to a neighboring plant or another wheat field. Each urediniospore is capable of infecting 

another wheat plant and producing another pustule. At the end of the wheat growing season, 

instead of urediniospores, the fungus produces overwintering spores called ‘teliospores’. As 

teliospores mature, the two haploid nuclei inside fuse together and spore-walls thicken, which 

allow their survival through the fall and the winter. In the spring, teliospores germinate and 

produce haploid spores called ‘basidiospores’ through meiosis. These basidiospores don’t infect 

wheat but instead infect another alternate host such as barberry. Upon infection, basidiospores 

produce reproductive spores called ‘pycniospores’ and receptive hyphae on the upper surface of 

barberry leaves. Once fertilized by pycniospores, hyphae continued to grow and produce pustules 

containing aeciospores, on the lower side of barberry leaves. Aeciospores travel by wind to other 

wheat fields and directly infect wheat plants, generating thousands of urediospores and pustules, 

and thus the cycle continues (Figure 1.15) (Alexopoulus et al., 1996). 

1.4.3. The process of infection and interaction with host-plant 

Infection is initiated by a germinated aeciospore or urediniospore. Upon contact with 

moisture such as dews, urediniospores develop germ tubes which grow along the leaf surface until 

a stomata is reached. The germ tube then forms an appressorium on top of the stomata and the  
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Figure 1. 15. The life cycle of wheat rust  

Adapted from Alexopoulus et al., 1996. Aeciospores after infecting wheat plants produce 

thousands of urediniospores. A single urediniospore can again infect nearby plants. At the end of 

wheat seasons, teliospores are produced instead of urediniospores. As teliospores mature, the 

spore-walls thicken, which allow the fungus to survive through the fall and the winter. In the 

spring, teliospores germinate and produce the haploid basidiospores through meiosis. 

Basidiospores infect the alternate host and produce the reproductive pycniospores and receptive 

hyphae on the upper surface of leaves. Once fertilized by pycniospores, hyphae continued to grow 

and produce pustules containing aeciospores, on the lower side of leaves. Aeciospores directly 

infect wheat plants and continue the cycle. 
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appressorium develops a penetration peg through the stomata. Once the penetration peg is inside 

the living plant cells, a substomatal vesicle is formed, followed by formation of haustoria cells 

which indicates successful infection (Figure 1.16) (Grambow 1977, Harder 1986a, Harder 1986b). 

Haustoria contain amino acid and sugar transporters which are used to transport nutrients from the 

plants to nourish the fungus (Staples, 2001, Voegele and Mendgen, 2003). The fungus continues 

invading the plant by forming haustoria and start producing urediniospores. Within two weeks of 

initial infection, pustules are formed containing thousands of urediniospores. These urediniospores 

can travel for miles by wind, infecting neighboring plants and plants from another wheat field, 

causing an epidemic level of infection.  

To successfully infect plants after penetration, rusts are known to release toxins that force 

stomata to stay open or closed (Grimmer et al., 2012). The infection process and physiology of 

rust host-pathogen interactions have been studied extensively. Hart (1929) showed that stem rust 

could not enter through closed stomata. The number of infections was significantly lower when 

plants were kept in the dark right after rust-inoculation (Hart 1929). In contrast, Caldwell and 

Stone (1936) showed that leaf-rust is able to penetrate through both opened and closed stomata. In 

1963, Yirgou and Caldwell again showed that the number of stem rust penetration increased 

significantly when plants were incubated in a CO2-free environment right after rust treatment and 

decreased significantly in 5%-CO2 or dark environment. Although the authors did not relate these 

conditions to stomatal behavior, other studies have shown that high atmospheric CO2 and darkness 

are factors causing stomata closure, linking these latter correlations to the stomatal condition 

(Young 2006). In the same study, leaf rust penetration was reported to be independent of light and 

CO2 (Yirgou and Caldwell, 1963). This outcome is consistent with Caldwell and Stone 1936 which 

had shown that leaf rust was able to penetrate through both opened and closed stomata.    
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Figure 1. 16. The infection process of rust  

A. Infection is initiated by a germinated urediniospore. Once the germ tube finds a stomata, an 

appressorium is formed on the epidermis. The appressorium then develops a penetration peg 

through the stomata. Once the penetration peg is inside the living plant cells, a substomatal 

vesicle is formed, followed by haustoria. The fungus continues to grow and spread until 

sporulation. B. Sporulation.  
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In contrast, there have not been any reports showing the ability of stripe rust to penetrate 

through closed stomata. However, stripe rust is quite different from both stem and leaf rust. 

Moldenhauer (2006) showed that stripe-rust does not form appressoria during penetration. Instead, 

germ tubes penetrate through stomata directly, then form substomatal vesicles. Nevertheless, 

Garnica et al. (2013) stated that although penetration often occurs without the formation of 

appressoria, stripe-rust is able to form appressoria over stomata prior to leaf penetration.  

1.4.4. Rust resistance genes in wheat 

 Research scientists have spent much effort in identifying and characterizing rust-resistance 

genes. Some of the earlier resistance genes were discovered from rust-resistant cultivars almost 

100 years ago (Mains et al., 1926, Ausemus et al., 1946). To date, nearly 200 resistance genes 

among the three rust types have been found derived from wheat cultivars (Aktar-Uz-Zaman et al., 

2017), and these genes have been identified using PCR-based molecular markers and QTL 

mapping. The majority of proteins encoded by resistance genes belong to one of the following 

three families: cytoplasmic protein receptors with an NBS-LRR (nucleotide-binding sites-leucine-

rich repeats) domain, lipid-transfer proteins with a START (Steroidogenic Acute Regulatory 

Protein related lipid-transfer) domain, or ABC (ATP-binding Cassette) transporters (Brueggeman 

et al., 2008, Liu et al., 2014, Krattinger et al., 2009, Krattinger et al., 2011). Mur et al., (2013) 

suggested that resistance genes and their signaling cascades could affect stomatal functions. Of the 

three mentioned domains, notably, the broader START protein family includes the ABA receptors 

belonging to the PYL/PYR family (Bhatla and Lal, 2018). This supports the hypothesis that ABA 

signalling events play an important part in rust resistance. Since a major route for pathogen entry 
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is arguably through opened stomata, components that are downstream of ABA receptors in 

signaling pathways of stomata closure, such as QUAC1, could affect pathogen infection.   
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2. HYPOTHESIS AND OBJECTIVES 

2.1 Objectives 

1. To determine whether Brachypodium QUAC1 activation is Ca2+ -dependent and involves 

binding to CaM. 

2. To determine whether the activation of Brachypodium QUAC1 affect stomatal function 

and rust infection. 

2.2 Hypotheses 

1. Brachypodium QUAC1 channel is activated by malate and Ca2+. 

2. CaM effect Brachypodium QUAC1 activities. 

3. CaM binds directly to Brachypodium QUAC1 and the binding affects the channel’s 

activities. 

4. QUAC1 affects rust infection through regulating stomatal opening. 

 

This work has been published in The Journal of Biological Chemistry, titled ‘The malate-

activated ALMT12 anion channel in the grass Brachypodium distachyon is co-activated by 

Ca2+/calmodulin’. doi: 10.1074/jbc.RA118.005301. 

 

 

 

 

 



 

48 
 

3. MATERIAL AND METHOD 

3.1. Chemicals: All chemicals were purchased from Sigma-Aldrich unless otherwise noted below. 

3.2. Plant materials and growth conditions 

Brachypodium distachyon (Bd21) (BioResource Research Center) wild-type plants were 

used for the study. Brachypodium distachyon is widely used as a monocot model system due to its 

smaller size and ease of cultivation (Brkljacic et al., 2011, Scholthof et al., 2018). The seed-to-

seed cycle of Brachypodium is shorter compared to other cereal crops, and therefore, is an 

advantage for generating transgenic plants. Importantly, genomic studies showed close 

evolutionary relationships between Brachypodium and other monocot species such as rice, wheat, 

corn (Draper et al., 2001).  The plants were grown in chambers with the following conditions: 60 

% humidity, with 16-hour photoperiod (full light), at 25 °C in the light and 20 °C in the dark.  

3.3. RNA isolation and cDNA synthesis from Brachypodium leaves 

Total RNA was extracted from fresh Brachypodium leaves using the RNeasy Plant Mini 

Kit (Qiagen), according to the manufacturer’s protocol. For each sample, two Brachypodium 

leaves were placed in liquid nitrogen then ground thoroughly. The buffer RLT (containing β-ME) 

was added to the tissue powder. The lysate was vortexed, transferred to the provided QIAshredder 

spin column and centrifuged for two min at full speed. The supernatant of the flow-through was 

carefully collected. One half volume of 100% ethanol was added to the supernatant, and the 

mixture was transferred to the RNeasy spin column and centrifuged for one min. The column was 

rinsed with buffer RW1 then buffer RPE by centrifuge for 15 s each time. RNase-free water was 

then added directly to the membrane and RNA was collected by centrifuge for one min at full 
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speed. The RNA was reverse transcribed for cDNA synthesis using Superscript III Reverse 

Transcriptase (Thermo Fisher), according to the manufacturer’s protocol. Oligo(dT)20 and dNTP 

mix was added to total RNA of Brachypodium. The mixture was heated to 65°C for 5 min. The 

provided First-strand buffer, DTT, RNaseOUT and Superscript III RT were then added to the 

mixture. The reaction was incubated at 50°C for 30 min and inactivated by heating at 70°C for 15 

min.  

3.4. BdQUAC1 expression plasmid construction  

     The BdQUAC1 amplification primers were designed for Gateway (Thermo Fisher) cloning 

and traditional cloning with restriction sites NheI and SacII. Fwd: 5’-GCC 

GACAAGTTTGTACAAAAAAGCAGGCTTAATAGCTAGCGAGGCCACCATGGCTTGCA

CTCTACATTCC-3’, Rev: 5’-GCCGACCACTTTGTACAAGAAAGCTGGGTACCGCGG 

TTA TTATTCAGCTGCAGTAGAAACTGT-3’. The yellow highlighted regions in the Fwd 

and Rev primers are attB1 and attB2 sequences, respectively, for the purpose of Gateway cloning. 

Sequences were found in the Gateway Technology user guide (Thermo Fisher). The green 

highlighted regions in the Fwd and Rev primers are the restriction sites NheI and SacII, 

respectively. The underlined nucleotides in the Fwd primer are the Kozak sequence. Since this 

plasmid was prepared for the expression of BdQUAC1 in the mammalian HEK293 cell, the Kozak 

sequence was included at the N terminus. The bolded regions in the Fwd and Rev primers are the 

beginning and ending of the BdQUAC1 coding sequence, respectively. Full length BdQUAC1 

cDNA was amplified from Brachypodium cDNA (in section 3.3), using High Fidelity Phusion 

polymerase (New England BioLabs) with the thermocycling conditions in Table 3.1. The PCR 

products were cloned into Gateway pDonor221 vector (Thermo Fisher) using Gateway BP Clonase 
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II enzyme mix (Thermo Fisher) according to the manufacturer’s protocol. Cloning was carried out 

by mixing BdQUAC1 PCR product, pDonor 221, and BP clonase II enzyme mix in an 1.5 mL 

microcentrifuge tube and incubating at 25°C for 1 h.  The pDonor221 vector carrying BdQUAC1 

and the pIRES2-eGFP vector (Clontech) were digested with NheI and SacII enzymes (New 

England BioLabs). The BdQUAC1 cDNA was then cloned into the pIRES2-eGFP vector by 

ligating the NheI ends and the SacII ends of BdQUAC1 and pIRES2-eGFP vector using T4 DNA 

Ligase (New England BioLabs). The ligated clone was named pIRES2-eGFP-BdQUAC1. The 

construct was transformed into competent DH5α E. coli cells (Thermo Fisher) for propagation and 

selection. 

The transformation was carried out by adding the pIRES2-eGFP-BdQUAC1 construct into 

50 µl of competent E.coli cells. The cells were incubated on ice for 30 min, then heat shocked for 

1 min at 42 °C and cultured at 37 °C with the addition of 1 mL LB broth (5 % tryptone powder, 

2.5 % yeast extraction, and 5 % NaCl) for 40 min. The culture was then spread onto kanamycin 

resistance agar plate and incubated overnight at 37 °C. Colonies formed on the plate were cultured 

in LB broth for plasmid propagation, and plasmids were isolated using QIAprep Spin Miniprep kit 

(Qiagen) according to manufacturers’ protocols. Pellet of transformed E.coli cells were collected 

by centrifugation. The pellet was resuspended in buffer P1. Buffer P2 was then added to the E.coli 

cells and incubated for 5 min, followed by buffer N3. Once buffer N3 was added, the mixture was 

centrifuged for 10 min at 13,000 rpm. Supernatant was carefully collected and transferred to 

QIAprep spin column. The column was centrifuged, then rinsed with buffer PB and buffer PE by 

centrifugation for 30 s each. RNase-free water was then added directly to column and DNA 

plasmids were collected by centrifuge for one min at full speed. Cloning of BdQUAC1 into the 

pIRES2-eGFP vector was confirmed by sequencing.  
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STEP TEMPERATURE TIME 

Initial Denaturation 98 °C 30 s 

30 Cycles 98 °C 

56 °C 

72 °C 

15 s 

30 s 

2 min 30 s 

Final Extension 72 °C 10 min 

Table 3. 1 Thermocycling conditions for PCR 
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The pIRES2-eGFP vector was chosen as it allows the expression of both the target gene 

and GFP on one transcript. This is due to the IRES (Internal Ribosome Entry Site) sequence 

forming a complex structure that allows the translation of any mRNA located immediately 

downstream of the IRES sequence. The pIRES-eGFP vector carrying BdQUAC1 was expressed 

in HEK293 cells for patch clamp. Green fluorescing HEK293 cells indicate successful transfection 

and translation of BdQUAC1 and the cells were chosen for the experiments (section 3.6).  

3.5. Site-directed mutagenesis of plasmid and C-terminal Myc-tag fusion by PCR 

     The codons encoding three basic residues of BdQUAC1 R335, R338, and K342, which are 

responsible for binding CaM, were changed to encode alanine in the pIRES2-eGFP-BdQUAC1 

plasmid. Mutated plasmids are listed in Table 3.2.  The mutated plasmid pIRES2-eGFP-

BdQUAC1(R338A) was made by PCR amplification using the plasmid pIRES2-eGFP-BdQUAC1 

as template and the primers Fwd-R338A and Rev-R338A (Table 3.2). The PCR products were 

treated with DpnI (New England BioLabs) to digest all parental plasmids, then transformed into 

DH5α for propagation. The plasmid pIRES2-eGFP-BdQUAC1(R338A)  was then used as a 

template to generate pIRES2-eGFP-BdQUAC1(R335A/R338A) and pIRES2-eGFP-

BdQUAC1(R335A/R338A/K342A) with pairs of primers Fwd-R335A/R338A with Rev-

R335A/R338A and Fwd-R335A/R338A/K342A with Rev-R335A/R338A/K342A, respectively 

(Table 3.2). The plasmid pIRES2-eGFP-BdQUAC1(R335A/R338A/K342A) was then used as a 

template to make pIRES2-eGFP-BdQUAC1(R335A/K342A) and pIRES2-eGFP-

BdQUAC1(R338A/K342A) using the pairs of primers Fwd-R335A/K342A with Rev-

R335A/K342A and Fwd-R338A/K342A with Rev-R338A/K342A, respectively (Table 3.2). 

Mutants were confirmed by sequencing. Myc-tag was also fused to the C-terminus of wildtype  



 

53 
 

 

Figure 3. 1 The pIRES-eGFP vector.  

The EGFP sequence is located downstream of the IRES sequence. The target protein is cloned into 

the vector at the multiple cloning site. Successful expression of the target protein also allows 

expression of the eGFP protein. 
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Primer Primer Sequence Generated plasmid 
Fwd-R338A 5’-CCATGCACTAGAGTAGCAGCG 

GAAGTGGCCAAGGTTTGC–3’  

 

pIRES2-eGFP-BdQUAC1(R338A) 

Rev-R338A 5’- GCAAACCTTGGCCACTTCCGCT 

GCTACTCTAGTGCATGG–3’ 

Fwd-R335A/R338A 5’- CGAAATCCATGCACTGCAGTAG 

CAGCGGAAGTGGC-3’, 

 

pIRES2-eGFP-BdQUAC1(R335A/R338A) 

Rev-R335A/R338A 5’- GCCACTTCCGCTGCTACTGCAG 

TGCATGGATTTCG-3’ 

Fwd-R335A/R338A/K342A 5’- CGAAATCCATGCACTGCAGTAG 

CAGCGGAAGTGGCCGCGGTTCTA

CAAGAGCT-3’ 

 

 

pIRES2-eGFP-

BdQUAC1(R335A/R338A/K342A) Rev-R335A/R338A/K342A 5’- AGCTCTTGTAGAACCGCGGCCA 

CTTCCGCTGCTACTGCAGT 

GCATGGATTTCG-3’ 

Fwd-R335A/K342A 5’- CCATGCACTGCAGTAGCACGA 

GAAGTGGCCGCGGTTCTA-3’ 

 

pIRES2-eGFP-BdQUAC1(R335A/K342A) 

Rev-R335A/K342A 5’- TAGAACCGCGGCCACTTCTCGT 

GCTACTGCAGTGCATGG-3’ 

Fwd-R338A/K342A 5’- CGAAATCCATGCACTAGAGTAG 

CAGCGGAAGTGGCC-3’  

 

pIRES2-eGFP-BdQUAC1(R338A/K342A) 

Rev-R338A/K342A 5’- GGCCACTTCCGCTGCTACTCTA 

GTGCATGGATTTCG-3’ 

Fwd-Myc-tag 5’ – GATATACCGCGGGCCCGGGAT 

CCGCCCCTCTCC -3’ 

pIRES2-eGFP-BdQUAC1-myc 

pIRES2-eGFP-BdQUAC1(R335A/R338A)-

myc 

pIRES2-eGFP-BdQUAC1(R335A/K342A)-

myc 

pIRES2-eGFP-BdQUAC1(R338A/K342A)-

myc 

pIRES2-eGFP-

BdQUAC1(R335A/R338A/K342A)-myc 

Rev-Myc-tag 5’-GATATACCGCGGTTATAGGTCC 

TCTTCGCTGATTAGCTTTTGTTCTT

CAGCTGCAGTAGAAACTGTGTGGC

TGCC -3’ 

Table 3. 2 Primer sequences used for site-directed mutagenesis and Myc-tag fusion 

The bolded and underlined letters are the codons at amino acid 335, 338, and 342. The yellow 

highlighted codons are the bases that have been mutated to encode Alanine. Of the reverse myc-

tag primer, the blue highlighted region is the 3’ end of the BdQUAC1 ORF. The myc-tag, 

highlighted in green, was inserted at the 3’ end of BdQUAC1 ORF before the stop codon 

highlighted in red. The remaining bases of the reverse myc-tag primer and the forward primer are 

the multiple cloning site sequence present in the pIRES-eGFP vector.     
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BdQUAC1 and mutants in pIRES-eGFP in the same manner using the primers Fwd-Myc-tag with 

Rev-Myc-tag and confirmed by sequencing.  

3.6. Cell culture and transfection 

     The human embryonic kidney 293 cells (HEK293) (ATCC) were cultured in 35mm cell 

culture dishes (Thermo Fisher) in Dulbecco’s Modified Eagle Medium (DMEM), (Thermo Fisher) 

supplemented with 10 % fetal bovine serum (FBS) (Thermo Fisher), 1 % Penicillin-Streptomycin 

(Thermo Fisher), and 1 % L-Glutamine (Thermo Fisher) at 37 °C in 95 % /  5 % CO2.  Once 80 % 

confluent, HEK293 cells were transfected with 3.5 µg (per 35mm dish) of the plasmid piRES2-

eGFP-BdQUAC1 or one of the mutated plasmids using Fugene HD Transfection Reagent 

(Promega), according to the manufacturer’s protocol. DNA plasmids, transfection reagent, and 

optiMEM (Thermo Fisher) were added to a 1.5 mL tube, and incubated for 10 min. The mixture 

was added to confluent dish of HEK293 cells. The 35mm dish was then returned to the incubator 

for 24 h. Transfected cells were used either in patch clamp or for western blot analysis the 

following day. DNA plasmids used for transfection were propagated in DH5α E. coli cells (Thermo 

Fisher) and isolated using Qiagen Plasmid Maxi kit (Qiagen), as described in section 3.4.   

3.7. Measurement of QUAC1 currents by patch clamp 

HEK293 cells transfected with pIRES2-vector carrying either BdQUAC1 or one of the 

mutants were used for the experiments. HEK293 cells transfected with the empty pIRES2-eGFP 

was used as a negative control. Cells were placed in the solution containing (in mM): 150 NaCl, 1 

CaCl2, 1 MgCl2, 10 glucose, 10 mannitol, 10 HEPES, pH 7.3, adjusted with N-methyl-d-

glucamine. Only green fluorescing cells, which indicated successful transfection, were chosen for 
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patch clamp experiments under a Zeiss inverted fluorescence microscope. The pipette solution 

contained (in mM): 130 CsCl, 10 EGTA, 1 MgCl2, 10 HEPES, pH 7.3 with NMDG, and CaCl2 

providing various free Ca2+ concentrations; free Ca2+ concentration was calculated with 

WEBMAXC software. The pipette solution was made in volume of 100 mL then aliquoted into 

1.5 mL Eppendorf tube and stored at -80 °C. In experiments using inhibitors such as W-5, W-7, 

Staurosporine, the inhibitors were added to the solution at the start of the experiment.  Whole cell 

patch clamp was performed with a HEKA EPC 10 amplifier (Figure 3.1). Membrane voltage was 

clamped to +60 mV followed by 15 mV decrements from +60 mV to -195 mV. The holding 

potential was -20 mV (Figure 3.3). Once currents were recorded at voltages described above, the 

standard external solution was gently replaced with malate solution (in mM): 120 NaCl, 1 CaCl2, 

1 MgCl2, 10 glucose, 10 mannitol, 10 Hepes, 30 malic acid at pH 7.3, and currents were again 

recorded in the same manner. Total currents can be influenced by different cell sizes, due to bigger 

cells having a larger surface area. To account for this, activities of BdQUAC1 are more accurately 

presented in the units of current density (pA/pF). Current densities are the division of the recorded 

currents in picoAmperes (pA) to the cell membrane capacitance in picoFarads (pF). The cell 

membrane is so thin that ions line against the cell membrane on both sides, thus creating the 

membrane capacitance which is proportional to the cell surface area. The cell membrane 

capacitance value is calculated and provided by the patch clamp system.  
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Figure 3. 2 Whole cell patch clamp apparatus.  

This system allows the measurement of currents, which indicate the movement of ions across the 

HEK293 cell membrane. A pipette filled with internal (pipette) solution was placed against the 

cell membrane at its tip. By applying weak suction, the glass pipette tip and the cell membrane 

form a very tight seal. When the seal reached a resistance greater than 1 gigaohm, applying another 

gentle suction ruptured the membrane patch, creating the whole cell patch. Here, the pipette 

solution can freely diffuse, controlling the osmolality of the cytoplasm. Ions can move across the 

HEK293 cell membrane through opened channels expressed on the cell membrane. The net 

movement of ions is represented by the currents recorded. This system allows the measurement of 

currents, which indicate the activities of the expressed channels, such as QUAC1, at different 

voltages or in the presence of channel agonists and blockers.   
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Figure 3. 3 Voltage protocol used for patch clamp experiments.  

The membrane voltage was held at -20mV. The protocol consists of a series of 17 steps. In each 

reading, the voltage was first held at -20 mV, then clamped to +60 mV followed by the voltage 

desired for the study (between +60 mV and -195 mV), and returned to the holding voltage  

  



 

59 
 

3.8. Protein extraction and western blot analysis 

     Wildtype BdQUAC1 and mutant proteins fused with Myc-tag were isolated from HEK293 

cells transfected with the plasmid pIRES2-eGFP-BdQUAC1-myc, pIRES2-eGFP-

BdQUAC1(R335A/R338A)-myc, pIRES2-eGFP-BdQUAC1(R335A/K342A)-myc, pIRES2-

eGFP-BdQUAC1(R338A/K342A)-myc, or pIRES2-eGFP-BdQUAC1(R335A/R338A/K342A)-

myc. For each replicate of the western blot analysis, two T75 flasks HEK293 cells (approximately 

7.5 x 106 cells per flask) were used per plasmid. Extraction was performed using Pierce Cell 

Surface Protein Isolation Kit (Thermo Fisher), according to manufacturer’s protocol. HEK293 

cells were gently rinsed twice with ice-cold PBS while attached to the T75 flasks. The cells were 

then incubated with Sulfo-NHS-SS-Biotin solution for 30 min at 4°C. After biotinylation of the 

cell surface, cells were gently scraped off and transferred to a 50 mL conical tube. Pellets of 

HEK293 cells were collected and rinsed two times by centrifuge at 500 x g for 3 min. Lysis buffer 

was then added to the pellets and cell lysate was incubated for 30 min on ice. The cell lysate was 

mixed with NeutrAvidin Agarose gel and incubated for 60 min. The mixture was transferred to a 

1.5 mL spin column and centrifuged to remove unbound proteins. The column was rinsed twice 

with the provided wash buffer. SDS-PAGE Sample Buffer (Thermo Fisher) containing 50 mM 

DTT was then added to the column. The reaction was incubated for 60 min at room temperature 

and cell surface proteins were eluted by centrifuge. Proteins were analyzed immediately after by 

western blotting.  

     Proteins were first separated based on their molecular weight in 10 % SDS-PAGE (sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis) with running buffer (25 mM Tris, 192 mM 

glycine, 0.1 % SDS). Proteins on the polyacrylamide gel were then electroblotted on PVDF 

membrane (Thermo Fisher) with transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). 
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Once transferred, membranes were blocked at room temperature with Rapidblock solution 10x 

(Amresco) for 15 min and subsequently probed at room temperature with anti-Myc tag HRP-

conjugated (Abcam) and the loading control anti-Sodium Potassium ATPase HRP-conjugated 

(Abcam) for 2 h with gentle agitation. After antibody incubation, the membranes were washed 

with PBST buffer (0.1 % Tween in PBS solution (Thermo Fisher)) three times for ten min each 

time then treated with Amersham ECL Western Blotting Detection Reagent (GE Life Sciences). 

Membranes were scanned using the ChemiDoc Imaging system and protein bands were quantified 

using the software ImageLab (Bio-rad).   

3.9. Isothermal titration calorimetry  

Isothermal titration calorimetry (ITC) is a technique used to assess the interactions between 

molecules. The ITC instrument is made up of two cells: the sample cell which allows users to set 

up for mixing one type of molecule with another, and reference cell which contains distilled water. 

When binding between molecules occurs, the reaction either releases or absorbs heat. The 

instrument is a sensitive calorimeter that can detect differences in temperature between the two 

cells and supply heat to maintain equal temperature between the cells. The experiments were 

performed on a Nano-ITC (TA-instrument) with the following settings: 20 injections, 2.5 µL per 

injection, waiting period of 120 s between injections. Peptides representing the predicted CaM 

binding site of BdQUAC1 (AA334 – AA355), as well as double mutants R335D/R338D, 

R335D/K342D, R338D/K342D, and triple mutants R335D/R338D/K342D were synthesized with 

> 90% purity by Genscript. The peptides and bovine CaM (BioOcean) were dialyzed with 0.1-0.5 

kD MWCO Float-A-Lyzer (Spectrum) overnight with three changes of buffer containing 20 mM 

HEPES, 100 mM KCl, and 5 mM CaCl2 at pH 7.4. After dialysis, peptide concentrations were 
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measured using Bio-rad protein assay and adjusted to 400 μM for the experiment. Peptides were 

titrated into the Nano-ITC cell containing either 60 μM CaM, 60 μM CaM with 60 μM W-7 or just 

dialysis buffer. Since W-7 inhibits by competing with the peptides and binds to CaM, W-7 was 

mixed with CaM 30 min prior to the ITC experiment to ensure CaM was fully inhibited. The ‘no 

Ca2+’ sample was prepared exactly as described above, except that peptide and CaM were dialyzed 

overnight with 3 buffer changes, into buffer containing 20mM HEPES, 100mM KCl, and 1.5 mM 

EGTA at pH 7.4. The data was processed using the NanoAnalyze software by subtracting the 

background heat obtained from titrating the peptides into dialysis buffer to the heats obtained from 

titrating the peptides into the CaM-containing solutions.  

3.10. CaM agarose affinity pull-down 

Wildtype BdQUAC1 and mutant R335A/K342A Myc-tag proteins were expressed in 

HEK293 cells. Cells were rinsed with PBS, pH 7.4 (Thermo Fisher) and gently scraped off the 

bottom of the flask into PBS. Cell pellets were collected by centrifuge at 500 x g for 3 min then 

re-suspended in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1mM EGTA, 1% Triton X-

100, 10% glycerol and 1 x Halt protease inhibitor cocktail (Thermo Fisher)) and incubated at 4 °C 

for 30 min. The total cell lysate was clarified by centrifugation at 10,000 x g for 2 min. CaCl2 was 

added to the cell lysate to make a final concentration of 8 mM CaCl2.  

CaM-Sepharose beads (Biovision) were transferred to mini spin columns (VWR 

BIOV6572-50) and equilibrated with wash buffer (50mM Tris-HCl pH 7.4, 150 mM NaCl, 0.25 

% Triton X-100, 10 % glycerol, 1 x Halt protease inhibitor cocktail ) by centrifugation at 1000 x 

g for 1 min, repeated two times. The cell lysate was added to the CaM beads and incubated for 8 

h at 4 °C. All unbound proteins were removed by centrifuge at 1000 x g for 1 min and the columns 
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were rinsed four times with wash buffer at 1000 x g for 1 min each time. SDS-PAGE sample buffer 

containing 20 mM EGTA (62.5 mM Tris-HCl, pH 6.8, 1 % SDS, 10 % glycerol, 20 mM EGTA) 

was then added to the columns and incubated for 2 h at room temperature. Bound proteins were 

eluted by centrifuge at 1000 x g for 2 min and loaded onto the SDS-page gel for QUAC1 detection 

by western blotting as described above (Kaleka et al., 2012). Western bands were quantified by 

normalization against total (eluted) protein stain with Image Lab. 

3.11. Generation of QUAC1 knockdown plants 

QUAC1 knockdown plants were generated by the RNA interference (RNAi)-mediated 

gene suppression method using pANIC-8D vector (ABRC) (Figure 3.4) (Mann et al., 2012). A 

fragment of BdQUAC1 and its inverted repeat were cloned into the vector so that the two cloned 

fragments, at the RNA level, pair with one another, creating a hairpin loop. The short hairpin RNA 

fragments are recognized as double-stranded RNA, which signals the RNAi process in plants. A 

400bp fragment of the BdQUAC1 cDNA (nucleotide 919 to 1293) was amplified with the primers: 

Fwd 5’ –CACCGCCGACAAGTTTGTACAAAAAAGCAGGCTTAATAACTGTTGCTGCACT 

TCATGG- 3’ and Rev 5’ – GCCGACCACTTTGTACAAGAAAGCTGGGTACATTGCGTTCT 

GGTGGTTGA- 3’. The PCR product was subcloned into the pDonor221 vector (Thermo Fisher) 

using Gateway BP clonase II enzyme mix (Thermo Fisher), according to manufacturer’s protocol, 

followed by transformation of DH5α and selection, as described in (section 3.4). The plasmid was 

named pDonor221-BdQUAC1 (Figure 3.4). The plasmid pANIC-8D-BdQUAC1 was generated 

by mixing pDonor221-BdQUAC1 with the vector pANIC-8D (Figure 3.5) and LR clonase II 

enzyme mix (Thermo Fisher), and transformed into DH5α.  
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Figure 3. 4 The plasmid pDonor221-BdQUAC1 

pDonor221 is an entry clone vector of the Gateway cloning system. BdQUAC1 was amplified with 

primers containing the Gateway attB1 and attB2sequences, as mentioned in 3.4, and cloned into 

the pDonor 221 vector using the BP clonase. The two yellow boxes L1 and L2 are the two flanking 

sites used for cloning of BdQUAC1 into the destination vector. Destination vectors are vectors 

containing the AttR site (R1 and R2), such as the pANIC-8D vector below. The BdQUAC1 was 

cloned into pANIC-8D using the LR clonase. The two universal primers M13 Fwd and M13 Rev 

were used for sequencing to confirm successful cloning.  

 

 

 

 

 

 

Figure 3. 5 pANIC-8D vector 

Once QUAC1 was cloned into the pANIC-8D, the plasmid was used for generating transgenic 

plants. This figure shows half of the circular vector with LB and RB boxes at both ends 

representing left border and right border of the vector. The other half of the vector contains the 

T-DNA backbone, used for transferring DNA into Agrobacteria. The bar gene is used as a 

selectable marker. Transformed calluses having the bar gene are resistant to phosphinothricin 

(PPT). The pporRFP allows the constitutive expression of red fluorescent protein. Since PCR 

cannot be performed on calluses and young shoots, pporRFP is used as a quick screen for 

transgenic plants. OsACT1, PvUBi1, ZmUBi1 are promoters for bar, pporRFP, and BdQUAC1, 

respectively. NOS, and 35S, are transcription terminators.    
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 The vector pANIC-8D carrying a fragment of QUAC1 was then transformed into 

Agrobacterium tumefaciens strain EHA105 using the Triparental Mating method. 1 mL DH5α E. 

coli carrying the pANIC-8D plasmids, 1 mL of the helper strain E.coli RK2013, and 1 mL of 

Agrobacterium strain EHA105 were cultured overnight then rinsed with 1 mL 10 mM MgSO4 3 

times by centrifuging and removing the supernatant and resuspended with 1 mL of 10 mM MgSO4. 

The three cultures were then combined and centrifuged. After the supernatant was discarded, the 

pellet was resuspended with 500 µL of 10 mM MgSO4 and pipetted onto an antibiotic free agar 

plate, and incubated overnight at 28 °C. The plate was washed with 1 mL of 10 mM MgSO4 to 

collect all bacteria and streaked onto rifampicin agar plates for selection of transformed 

Agrobacterium.  Subsequently, immature Brachypodium seeds were collected. After removal of 

the lemma, seeds were sterilized by soaking in a solution of 10 % bleach and 0.1 % Triton X-100 

for 4 min and washed three times in sterile water. Embryos were then dissected out of immature 

seeds and placed on callus initiation media (CIM) (4.43 g Linsmaier and Skoog Medium, 30 g 

sucrose, 1 mL of 0.6 mg/mL CuSO4, pH 5.8 with KOH, 2 g phytagel, 0.5 mL of 5 mg/mL 2,4-D 

stock solution (2000x) and distilled water to 1 liter) and incubated at 28 °C in the dark. Calluses 

produced from embryos were spread onto Petri plates every 2 weeks until there were enough 

calluses for transformation.  Transformed Agrobacterium was cultured in 20 mL of CIM at 28 °C 

to 0.6 OD. Then 200 μL of 10 % Synperonic PE/F68 (Sigma) and 20 μL of 200 mM acetosyringone 

were added to the Agrobacteria suspension and 6 grams of callus pieces were then added to the 

suspension and incubated for 5 min. The calluses were then poured onto Petri dishes with filter 

papers and incubated at room temperature in the dark for 3 days. Calluses were then transferred to 

CIM plates containing 150 mg/L Timentin and 10 mg/L Phosphinothricin (so that only transformed 

calluses are selected) and incubated at 25 °C. Calluses with green shoots were considered T0 plants 
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and transferred to soil and propagated as per growth conditions described above. Seeds collected 

from T0 plants were used for further experiments (Alves et al., 2009). The expression of BdQUAC1 

was determined by real-time PCR described below. 

3.12. Real-Time Quantitative PCR (RT-qPCR). 

The expression of BdQUAC1 was determined with real-time PCR. Brachypodium cDNA 

was synthesized as described in 3.3. Each cDNA was amplified using PerfeCTa SYBR Green 

supermix low ROX (QuantaBio) on the Stratagene Mx3000P qPCR system (Agilent Genomics). 

The Brachypodium UBC18 gene was used as a housekeeping gene. Primers for UBC18 and 

BdQUAC1 qPCR are listed in Table 3.2. All primers used for qPCR were tested and had an 

efficiency between 90% and 110%. Relative expression of QUAC1 was calculated by normalizing 

to the housekeeping gene (UBC18) with the following equation: fold differences = 2-∆∆Ct.  

∆∆Ct = [∆Ct(BdQUAC1) - ∆Ct(UBC18)]knockdown Brachypodium - [∆Ct(BdQUAC1) - ∆Ct(UBC18)]wildtype Brachypodium 

Ct is the number of cycles required for the fluorescent signal to be detected, representing the results 

of qPCR.  

3.13. Wheat rust infection 

     Wheat stripe rust spores (mixed race) were heat shocked for 5 min at 42 °C prior to 

inoculation. Approximately 0.01 g of rust spores were mixed with 2 mL of Bayol oil and paint-

brushed on to 4 – 6-week old Brachypodium leaves. The plants were moved into a 100 % humidity 

chamber for 24 h then moved to standard conditions (60 % humidity, with 16-hour photoperiod, 

at 25 °C in the light and 20 °C in the dark). Rust infection symptoms appeared at two weeks after 

inoculation. 
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Gene name Forward primer (5’-3’) Reverse primer (5’-3’) 

BdQUAC1 ACTGTTGCTGCACTTCATGG CATTGCGTTCTGGTGGTTGA 

UBC18 GGAGGCACCTCAGGTCATTT ATAGCGGTCATTGTCTTGCG 

Table 3. 3 qPCR primers of UBC18 and BdQUAC1 
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3.14. Measurement of stomatal aperture 

Detached leaves from 4 to 8-week old plants were soaked in opening buffer (50 mM KCl, 

10 mM Mes, pH 6.1) for 2 h. Leaves were then soaked for another 3 h in control buffer (10 mM 

Mes, 25 μM CaCl2, pH 6.1) or control buffer with the addition of malic acid (pH 6.1), Ca2+ 

ionophore A23187, and CaM inhibitor W-5 or W-7, as indicated in the results. Leaves were 

removed from the buffer and immediately dried by gentle blotting with Kim-wipe and then painted 

with a layer of clear nail polish, a process taking less than 30 s.  The dried nail polish peel was 

used for microscopy using a Zeiss Axiovert 135 microscope (Khidir and Randall, 1984). Stomata 

width were measured from the obtained images using Image J. Blind measurement of stomata was 

performed by relabelling of the image files by a third party.  

3.15. Count of appresoria formation 

     Fluorophore-conjugated wheat germ agglutinin (WGA) (Thermo Fisher) was used for 

visualization of appressoria formed on inoculated leaves. At three days after rust inoculation, 

detached Brachypodium leaves were soaked for 10 min in PBS solution containing 0.05% Tween 

and 1% fluorophore-conjugated WGA. The number of appressoria on each leaf was counted under 

the fluorescent microscope Zeiss Axiovert 135.  

3.16. Statistical analysis 

     All data are expressed as mean with standard error of the mean. Significant was determined 

as p < 0.05.  

Electrophysiology. Statistical significance is presented with lower case letters. Matching 

notations indicate no significant difference. Overall current densities or Δ current densities were  
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Figure 3. 6 Representative images of replicas of Brachypodium stomata.  

The orange lines in the center are measurement of stomatal width. 
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analyzed by 2-way repeated measure ANOVA, where voltage points were the repeated factor and 

either the concentrations of Ca2+, malate, the presence of inhibitors or the type of QUAC1 

(wildtype, mutants, eGFP vector) expressed were the second factor. The significance is presented  

with lower case letters. Matching notations indicate no significant difference. Peak current of each 

cell was used to determine current density, Δ current density and conductance. The Δ current 

density was calculated by subtracting current density recorded before adding malate to the current 

density recorded after adding malate to the bath solution. Conductance was calculated by division 

of peak current (after addition of malate) to the driving force. The driving force is the difference 

between the clamped voltage and the chloride equilibrium potential. Chloride equilibrium potential 

is calculated based on the concentrations of chloride in the pipette and bath solutions, with the 

following equation VEq = RT/(zF) ln([Cl-]bath/[Cl-]pipette) (R is the universal gas constant, T was set 

to 296.15 K, which is equivalent to 23 °C, z is the valence of chloride, F is the Faraday’s constant, 

[Cl-]bath is the concentration of chloride in the bath solution and [Cl-]pipette is the concentration of 

chloride in the pipette solution.). The channel conductance was normalized to maximum (G/Gmax) 

and fit with the Boltzmann equation. Only Δ current densities more negative to -100 mV were used 

in statistical analyses. Time constant (tau) was calculated with the following equation: τ = Cm* 

(Rss – Ro) where τ (ms)  is the  time constant, Cm (pF) is the membrane capacitance, Rss (mV/pA) 

is the  resistance at steady state, and Ro is the resistance at peak. 

Western blotting and RT-qPCR. The average of protein expression or gene expression of 

wildtype was normalized to 1. Significance was determined using one sample t-tests with the mean 

set as 1. The number of repetitions are included in the figure legends. 

Stomatal aperture. Detached leaves from a tray of 15 Brachypodium plants were randomly 

assigned to each tested condition, approximately 4 leaves per condition. 100 stomata were 
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measured for each condition. The significance of differences was determined by 1-way ANOVA 

with Fisher's LSD post-hoc. 

Germ tubes and appressoria formation. This experiment was carried out twice. Results 

were statistically analyzed using mixed model analysis in randomized blocked design, with 

wildtype or KD2 being the fixed factor, and each individual experiment being the random (block) 

factor. Four leaves from four rust inoculated plants of wildtype and of KD2 Brachypodium were 

randomly chosen for each experiment.  
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4. RESULTS 

4.1. Brachypodium QUAC1 is co-activated by malate and Ca2+ 

4.1.1. BdQUAC1 channel is activated by malate 

The Brachypodium distachyon ALMT12 (BdALMT12) gene sequence was found on the 

NCBI database (NCBI accession # XP_003574370.1; predicted BdALMT12). Based on the 

identification and renaming of the AtALMT12 gene to AtQUAC1 (Meyer et al., 2010), the putative 

BdALMT12, from here on, is referred to as BdQUAC1. That said, despite the NCBI annotation, 

sequence alignments performed by NCBI BLAST showed only 56 % identity between the monocot 

BdQUAC1 and dicot AtQUAC1, at the amino acid level. Alignments of several QUAC1s from 

different species show approximately 55 to 75 % identity between dicot and monocot, and up to 

95 % identity within the dicot QUAC1s only or monocot QUAC1s only. Though QUAC1 of both 

dicot and monocot species share the same conserved transmembrane regions and the WEP- 

fingerprint motif (Trp-Glu-Pro) which present in all ALMTs (Figure 4.1), it is unclear whether the 

monocot QUAC1s maintain the same properties and function as the dicot QUAC1s, and 

AtQUAC1, in particular. To assess this, whole cell patch clamp was performed on HEK293 cells 

expressing BdQUAC1 to see whether the channel is voltage dependent and malate activated as 

reported for AtQUAC1. 

. 
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Figure 4. 1 Sequence alignments of QUAC1 proteins in monocot and dicot species.  

QUAC1 sequences [NCBI accession numbers: XP_003574370.1 (brachypodium), EMS57711.1 

(wheat), XP_015614622.1 (rice), PWZ19427.1 (corn), KGN60407.1 (cucumber), 

XP_007209894.1 (peach), XP_003538776.1 (soy), OAY77120.1 (pineapple), XP_020261302.1 

(asparagus), O49696.1 (Arabidopsis)], were aligned by ClustalW multiple sequence alignment 

software (Larkin, 2007) and visualized in Genedoc (Nicholas, 1997). The pink boxes indicate the 

six transmembrane segments and the blue boxes indicate the location of the WEP-motif. The six 

transmembrane helices were predicted by the TMHMM server of the Technical University of 

Denmark (Krogh et al., 2001). The different shades of black and grey indicate the level of 

similarity between different QUAC1s, with the lightest grey being the least similar and black being 

the most similar.  
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Figure 4.1 continued 
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 Currents were recorded from BdQUAC1-HEK293 cells (HEK293 cells transfected with 

the plasmid pIRES2-eGFP-BdQUAC1) and compared to GFP-HEK293 cells (HEK293 cells 

transfected with the plasmid pIRES2-eGFP).  GFP-HEK293 cells were used as a negative control 

representing the endogenous currents. The activities of BdQUAC1 are presented in the units of 

current density (pA/pF), as explained under the material and method chapter, section 3.7.  

The activation of BdQUAC1 was observed at voltages in the range of -100 mV and lower 

(Figure 4.2). With the addition of 30 mM malate, the current densities of BdQUAC1 (negatively) 

increased significantly, while GFP current densities stayed unchanged regardless of the absence 

and presence of malate (Figure 4.2). This result indicates that the BdQUAC1 channel is voltage 

dependent and activated by malate.  
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 Figure 4. 2 Effect of malate on activation of BdQUAC1.  

Currents of BdQUAC1-HEK293 cells (circles) or GFP-HEK293 cells (triangles) were recorded at 

different clamped voltages in the absence (white) and presence (black) of malate. GFP was used 

as a negative control and baseline for endogenous currents. Black triangles are obscured by 

overlapping white triangles. Lower case letters indicate significant differences. n = 12 for 

BdQUAC1 and n = 6 for GFP.  
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4.1.2. BdQUAC1 activation is Ca2+ -dependent 

     Since Ca2+ plays such a big part in the mechanism and signaling events for stomatal closure, 

the malate-activation of BdQUAC1 was further tested for Ca2+ -dependence. With the whole cell 

patch clamp technique allowing control of internal solutes via pipette solution, BdQUAC1 currents 

were recorded in the presence of different cytosolic Ca2+ concentrations (0 µM, 0.05 µM, 0.1 µM, 

0.5 µM, and 5 µM free Ca2+), before and after the addition of malate to the bath solution. Activation 

by malate is presented as ∆ current densities, calculated by subtracting the current densities after 

malate addition from the current densities before malate addition. Increased concentrations of Ca2+ 

were found to increase the activation in a dose-dependent manner in cells expressing BdQUAC1 

(Figure 4.3A). Currents of GFP-HEK293 cells were also recorded as a negative control, and no 

changes were observed in response to different cytosolic Ca2+ concentrations (Figure 4.3B).  

     In addition, the conductance of the BdQUAC1 channel was also calculated and normalized 

to maximum (G/Gmax), as described in section 3.7. This value indicates the permeability of a 

channel at applied voltages. Though Ca2+ concentration affected the current densities of 

BdQUAC1, no change was observed in the voltage dependence of conductance (Figure 4.3C). This 

result suggests that cytosolic Ca2+ is regulating only the malate-activation of the channel and not 

the voltage-dependent properties of the channel.   
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 Figure 4. 3 Effect of Ca2+ on activity of BdQUAC1 after malate activation.   

A) Ca2+ -dependent Δ current density (± 30 mM malate) of BdQUAC1-HEK293 cells. Currents of 

BdQUAC1-HEK293 cells were recorded at different Ca2+ concentrations in the pipette solution 

including 0 μM (black circles), 0.05 μM (white circles), 0.1 μM (black triangles), 0.5 μM (white 

triangles) and 5 μM (black squares) free Ca2+, n ≥ 8 for each concentration. Lower case letters 

indicate statistical differences. B) Negative control - effect of Ca2+ on Δ current density of GFP-

HEK293 cells. Currents of GFP-HEK293 cells were recorded at different Ca2+ concentrations in 

the pipette solution including 0 μM (black circles), 0.1 μM (white circles), 0.5 μM (black triangles) 

and 1 μM (white triangles) free Ca2+, n = 3  each concentration. C) Conductance of BdQUAC1 

channels (normalized to maximum) at different Ca2+ concentrations including 0.1 uM (solid line), 

0.5 uM (broken line), 5 uM (dotted line) free Ca2+. No statistical differences were detected (p > 

0.05). D) Representative traces of BdQUAC1-HEK293 cells at -180 mV with 0 or 5 μM free Ca2+ 

in the pipette solution.  
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4.2. The Ca2+ -dependent mechanism of activation of BdQUAC1 

     With data suggesting the activation of BdQUAC1 channel is Ca2+ -dependent, further patch 

clamp experiments were performed to determine whether the Ca2+ activation is mediated through 

a kinase or CaM-dependent mechanisms.  

4.2.1. The effect of kinase on BdQUAC1 activation 

     To examine whether kinases might be involved in the Ca2+ activation of BdQUAC1, the 

non-specific kinase inhibitor staurosporine was included in the pipette solution for patch clamp 

experiments. Staurosporine inhibits kinase activity by preventing ATP from binding to the kinase, 

thus preventing the phosphorylation events from occurring. Surprisingly, the addition of 60 nM 

staurosporine to the patch clamp pipette solution, containing 0.1 µM free Ca2+, did not reduce the 

activities of BdQUAC1, but resulted in an increase in ∆ current densities (Figure 4.4). 

Additionally, the conductance curve also showed a slight shift to the left (Figure 4.4), suggesting 

the channel requires more hyperpolarization for the activation in the presence of staurosporine.  
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Figure 4. 4 Effect of Staurosporine on BdQUAC1 activation.  

A) Δ current density (± 30 mM malate) of BdQUAC1-HEK293 cells. Currents of BdQUAC1-

HEK293 cells were recorded with pipette solutions containing 0.1 μM free Ca2+ (white circles) or 

0.1 μM free Ca2+ and 60 nM staurosporine (black circles) with n = 9 for each treatment. B) The 

voltage dependence of conductance of BdQUAC1 channels with the addition of staurosporine in 

the pipette solution. Pipette solutions contained 0.1 μM free Ca2+ (solid line) or 0.1 μM free Ca2+ 

and 60 nM staurosporine (dotted line). 
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4.2.2. BdQUAC1 activation is CaM-dependent 

     To examine whether CaM effects the activation of BdQUAC1, CaM inhibitors W-5 and 

W-7 were used. Both W-5 and W-7 are naphthalene sulfonamide derivatives and inhibit CaM 

activities by binding to CaM which prevents the binding of CaM to target proteins. W-5 is 

generally a much weaker antagonist compared to W-7. The effect of CaM inhibition was first 

tested using the weaker inhibitor,W-5, at 500 µM  in the pipette solution (containing 0.1 mM free 

Ca2+), resulting in significantly decreased peak current and ∆ current density for BdQUAC1 

(Figure 4.5A and 4.5E).  Subsequently, the stronger inhibitor W-7 was used to examine BdQUAC1 

activation at several lower doses, in a dose-response manner (at 1 µM, 5 µM and 10 µM). The 

peak currents and ∆ current densities decreased significantly as the dose of W-7 increased. With 

the addition of 10 µM W-7, the ∆ current density is statistically the same as ∆ current density of 

BdQUAC1 patched in the absence of free Ca2+ (Figure 4.5B and 4.5F). There was no significant 

change in channel conductance with both the addition of W-5 and W-7 (Figure 4.5C and 4.5D), 

suggesting calmodulin modulates only the malate- Ca2+ activation but not the voltage activation 

of the BdQUAC1.  
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Figure 4. 5 Effect of W-5 and W-7 on malate activation of BdQUAC1.  

A) ∆ current density of BdQUAC1-HEK293 cells with the addition of W-5. Currents of 

BdQUAC1-HEK293 cells were recorded with pipette solutions containing 0.1 μM free Ca2+ (white 

circles) or 0.1 μM free Ca2+ and 500 μM W-5 (black circles), with n ≥ 6 for each treatment. B) ∆ 

current density of BdQUAC1 with the addition of W-7. Pipette solutions contained 0.5 µM free 

Ca2+ (black triangles), 0.5 µM free Ca2+ and 1 uM W-7 (white triangles), 0.5 µM free Ca2+ and 5 

µM W-7 (black circles), 0.5 µM free Ca2+ and 10 µM W-7 (white circles), and 0 µM free Ca2+ 

(black squares) with n ≥ 6 for each treatment. Same letters indicate statistical similarity. C) The 

conductance of HEK cells expressing BdQUAC1 with the addition of W-5 in the pipette solution. 

Pipette solutions contained 0.1 μM free Ca2+ (dotted line) or 0.1 μM free Ca2+ and 500 μM W-5 

(solid line). D) The conductance of BdQUAC1 channels with the addition of W-7 in the pipette 

solution. Pipette solutions contained 0.5 µM free Ca2+ (broken line), 0.5 µM free Ca2+ and 1 µM 

W-7 (dotted line), or 0.5 µM free Ca2+ and 5 µM W-7 (solid line). E) Representative traces of 

BdQUAC1 current at -180 mV with 0.1 μM free Ca2+ and the presence or absence of 500 µM W-

5. F) Representative traces of BdQUAC1 current at -180 mV with 0.5 μM free Ca2+ and the 

presence or absence of 5 µM W-7. Lower case letters indicate statistical differences. 
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4.2.3. Regulation of stomatal closure by malate, Ca2+ and CaM 

     To validate the role of malate, Ca2+ and calmodulin in stomatal regulation, the widths of 

stomatal pores in Brachypodium leaves were measured after being soaked in solutions containing 

malate, Ca2+ ionophore A23187 (which  allows Ca2+ to pass the cell membrane resulting in higher 

Ca2+ in the cytosol), and/or CaM inhibitors W-5 and W-7 (Figure 4.6 ). Stomata treated solely with 

malate or A23187 showed no significant difference compared to untreated stomata, while stomata 

treated with both malate and A23187 yielded significantly smaller pores (Figure 4.6). However, 

with the separate addition of CaM inhibitors W-5 and W-7 (along with malate and A23187), the 

widths of stomatal pores increased, as the concentration of CaM inhibitors increased, eventually 

returning to the untreated sizes. This result is consistent with the patch clamp data above, which 

showed the effects of W-7 on BdQUAC1 activity in a dose-dependent manner. That W-7-alone 

does not increase stomatal widths in the absence of malate and A23187 further emphasizes that 

this effect of CaM seen in stomata regulation is likely associated with the BdQUAC1 channel.    

  



 

84 
 

Figure 4. 6 Effect of malate, a Ca2+ ionophore and CaM inhibitors on stomatal aperture in 

Brachypodium dystachion wildtype.  

Statistical symbols * indicates p≤0.05, and ** indicates p ≤ 0.01. Average stomata width of 100 

stomata and representative stomatal images for each treatment. n = 100 stomata from 4 randomly 

chosen plants for each treatment. 
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4.3. Brachypodium QUAC1 contains a CaM-binding domain and is regulated by CaM 

binding 

4.3.1. Identification of the putative BdQUAC1 CaM-binding domains (CBD) 

     To further investigate the mechanism involving CaM, the BdQUAC1 sequence was 

analyzed using the CaM-binding domain (CBD) prediction server MI-1 (Minhas 2012). 

BdQUAC1 regions with high CBD prediction scores were analyzed for secondary structure using 

the Jpred3 server. Several regions having higher scoring for CBD were analyzed for secondary 

structure. However, of those, only the sequence from amino acid 334 to amino acid 351, having 

the second the highest CBD score, showed the structure of a basic amphiphilic alpha-helix (Figure 

4.7), which is a common property of CaM-binding domains (Dash et al., 1997).  
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 Figure 4. 7 Helical wheel depiction of the putative CaM-binding domain in BdQUAC1 

(amino acids 334 to 351) 

Non-polar, hydrophobic residues are yellow, uncharged polar residues are green, polar acidic 

residues are red and polar basic residues are blue.  Residues selected for mutagenesis are indicated 

with an asterisk. 
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4.3.2. Mutations in the putative CBD affect the BdQUAC1 activity 

Since the basic residues of CBD are known to be crucial for binding to CaM, the three 

basic amino acids of the BdQUAC1 CBD (Arg 335, Arg 338, and Lys 342) were mutated to Ala 

in double and triple mutants for patch clamp studies. Patch clamp analysis of HEK293 cells 

expressing BdQUAC1 showed that the triple mutant 335A/338A/342A had ∆ current density close 

to 0, suggesting a lack of malate dependency in this mutated channel (Figure 4.8A). The two 

double mutants 335A/338A and 335A/342A had significantly smaller peak current and ∆ current 

density compared to wildtype, however, there was no significant difference between the mutant 

338A/342A and wildtype (Figure 4.8A and D).  Additionally, the double mutants 335A/338A and 

335A/342A showed significantly longer inactivation time constants while mutant 338A/342A had 

a similar inactivation time constant compared to wildtype (Figure 4.8C).        
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Figure 4. 8 Effect of mutations in the putative BdQUAC1 CaM binding domain on 

BdQUAC1 channel activity.  

A) Δ current density of BdQUAC1 and BdQUAC1 mutants. Transfected HEK cells were patched 

with 0.5 μM Ca2+ in the pipette solution. Wildtype (black circles), mutant 335A/338A (white 

circles), mutant 335A/342A (white triangles), mutant 338A/342A (black squares), mutant 

335A/338A/342A (black triangles), with n ≥ 8 for each mutant or wildtype. Same letters indicate 

no significant difference. B) Normalized conductance of HEK cells expressing BdQUAC1 or 

BdQUAC1 mutants including wildtype (solid line), mutant 335/338 (long broken line), mutant 

335/342 (dotted line) and mutant 338/342 (short broken line). C) Inactivation time constants of 
each double mutant compared to wild-type BdQUAC1. D) Representative traces of mutant and 

wildtype QUAC1 currents at -180 mV.  

.  
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Though patch clamp data showed that mutations at the predicted CBD reduced the 

channel’s currents, it is important to confirm that wildtype BdQUAC1 and mutants were expressed 

equally on HEK293 cell membranes and that the effect was not due to low expression of the mutant 

proteins. To confirm the protein expression, Myc-tagged BdQUAC1 or Myc-tagged mutants of 

BdQUAC1 were expressed in HEK293 cells, and membrane proteins were isolated for western 

blot analysis. The double mutant 335A/338A and triple mutant 335A/338A/342A which had 

shown significantly smaller currents in patch clamp (Figure 3.8A), also showed significantly lower 

protein expression on the cell membrane compared to wildtype BdQUAC1 (Figure 4.9A). To 

compensate for the low or different amount of protein expression, ∆ current densities of wildtype 

and mutant BdQUAC1 were normalized to the level of protein expressed on HEK cell membrane 

(Figure 4.9B). Even so, the statistical results after normalization remain unchanged (Figure 4.9B), 

compared to the ∆ current density data before normalization (Figure 4.8A). This suggests that the 

reduced activities seen in mutants represent effects caused by mutations in the CBD and are not 

simply due to the lower expression of the proteins.  
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Figure 4. 9 Protein expression of mutants and wildtype Myc-tagged BdQUAC1.  

A) Protein expression of mutants and wildtype Myc-tagged BdQUAC1in HEK293 cell 

membranes. Total isolated cell membrane proteins were analysed by Western Blot using an anti-

Myc-tag antibody, with n ≥ 6 for each mutant and wildtype. Wildtype expression was normalized 

to 1. * indicates p-value < 0.05, *** indicates p-value < 0.001. Representative Western Blot image 

showed the detection of BdQUAC1 and the loading control Na-K ATPase. B) Δ current density of 

BdQUAC1 and BdQUAC1 mutants after normalization to protein expression. Normalized Δ 

current density was calculated by subtraction of the background Δ current density (Δ current 

density of GFP-HEK293 cells) to the Δ current density Bd QUAC1 or mutants, then dividing by 

protein expression for wildtype (black circles), mutant 335/338 (white circles), mutant 335/342 

(black triangles), mutant 338/342 (white triangles), and mutant 335/338/342 (black squares). Same 

letters indicate statistical similarity.  
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4.3.3. Interaction between BdQUAC1 CBD peptide and CaM shown by ITC 

4.3.3.1. Binding of wildtype BdQUAC1 CBD peptide to CaM and inhibition by W-5 and W-7  

     With patch clamp results showing the involvement of CBD in regulating BdQUAC1 

activity, isothermal titration calorimetry was performed to confirm the physical interaction 

between the predicted CBD of BdQUAC1 and CaM.  

     An 18 amino acid long BdQUAC1 CBD peptide (synthesized by Genscript) was used for 

the experiment. Binding between the peptide and CaM was demonstrated by the release of heat 

when solution of the peptide was titrated into the cell containing a solution of CaM (Figure 4.10A). 

Fit of the binding enthalpy (calculated and generated by NanoAnalyze) of BdQUAC1 CBD and 

CaM presented a two-stage binding model, with two different dissociation constants Kd1 and Kd2. 

Additionally, interactions between the CBD peptide and CaM were also tested in the absence of 

Ca2+ or the presence of CaM inhibitors W-5 and W-7. For Ca2+ free condition, the CBD peptide 

and CaM were dialyzed in buffer containing 1.5 mM EGTA to chelate all Ca2+ that might be 

present from the manufacturing process. Under this condition, some binding between CBD peptide 

and CaM was still detected (Figure 4.10B), but with the two Kd values much larger compared to 

the initial binding with Ca2+ (Table 4.1), indicating significantly lower affinity. There was no 

binding detected in the presence of CaM inhibitors W-5 or W-7 (Figure 4.10C and D). Altogether, 

these results confirm the BdQUAC1 region amino acids 334-351 is a CBD of BdQUAC1.      
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 Figure 4. 10 ITC analyses of the binding of wildtype CaM-binding peptide to CaM.  

A) in the presence of 5 mM Ca2+. B) in the presence of 1.5 mM EGTA with no added Ca2+. C) in 

the presence of  5 mM Ca2+ with 60 µM W-7. D) in the presence of 5 mM Ca2+ with 600 µM W-

5. The amount of CaM used in all conditions is 60 µM. The 5 mM Ca2+ and no Ca2+ data were fit 

using the ‘multiple sites’ model and the 5 mM Ca2+ with W-7 and W-5 data was fit using the 

‘independent’ model.        
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Peptide Kd1 (M) ΔH1 

(kJ/mol) 

ΔS1 

(J/mol.K) 

Kd2 (M) ΔH2 

(kJ/mol) 

ΔS2 

(J/mol.K) 

Wild type peptide 

 

3.452E-8 105.4 4.962E2 3.925E-6 -174.0 -4.8E2 

Wildtype peptide,  

with 1.5 mM EGTA 

(no Ca2+) 

9.165E-7 69.16 3.437E2 1.003E-5 -199.9 -5.636E2 

Wildtype peptide, 

with 60 µM w-7 

ND ND ND ND ND ND 

Wildtype peptide, 

with 600 µM w-5 

ND ND ND ND ND ND 

Mutant 338D/342D 

peptide 

4.101E-8 -48.78 -2.217E1 6.366E-6 -199.2 -5.685E2 

Mutant 335D/338D 

peptide 

3.721E-7 -75.77 -131.1 ND ND ND 

Mutant 335D/342D 

peptide 

5.5E-6 -470.8 -1478 ND ND ND 

Mutant 

335D/338D/342D 

peptide 

ND ND ND ND ND ND 

 

Table 4. 1 Binding parameters of wildtype and mutant CaM-binding peptide 

All measurements were made in the presence of 5 mM Ca2+ (with the exception of the ‘no Ca2+’ 

condition) and 60 µM CaM. 
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4.3.3.2 Mutations in the CBD peptides affect binding affinity 

To test the binding affinity of BdQUAC1 mutants (described in the section above) to CaM, 

double and triple alanine mutant CBD peptides were synthesized for the ITC experiments. 

Unfortunately, the alanine substituted mutant peptides were too hydrophobic, causing the 

formation of aggregates at high concentrations (dynamic light scattering; data not shown), and 

therefore could not be used for the ITC experiment. As such, a new set of mutant peptides were 

synthesized with the polar acidic residue Asp substitutions instead of Ala for the ITC experiments.   

     There was no binding between the triple mutant peptide 335D/338D/342D and CaM 

(Figure 4.11). The two double mutants 335D/338D and 335D/342D showed decreased binding 

affinities for Kd1 and complete loss of the second stage Kd2 binding (Figure 4.11 and Table 4.1). 

The double mutant 338D/342D showed similar binding affinities compared to wildtype. These 

results are consistent with the electrophysiological data described above, confirming the 

involvement of the CaM-binding domain in BdQUAC1 activities.    
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 Figure 4. 11 Isothermal titration calorimetry of binding of mutant CaM-binding peptides 

to CaM.  

The binding of all peptides was carried out in the presence of 5mM Ca2+. Mutant 338/342 data 

were fit using the ‘multiple sites’ model yielding a two-state binding result. The others were fit 

using the ‘independent’ model and yielded either a single binding event (mutant335/338 and 

335/342) or no binding (mutant335/338/342) 
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4.3.4. Binding of full-length wildtype and mutant BdQUAC1 to CaM  

     Following the interactions between BdQUAC1 CBD peptides and CaM detected by ITC, 

a CaM agarose affinity pull-down (CAP) experiment was performed to investigate whether these 

interactions also occur in the full-length BdQUAC1. Beside wildtype BdQUAC1, the full-length 

double mutant 335A/342A was also tested in this experiment. The mutant 335A/342A protein 

expressed well on HEK293 cell membranes (Figure 4.9A) but showed decreased activity in 

electrophysiological results (Figure 4.9B) and lower binding affinity in ITC (Table 1 and Figure 

3.11), and therefore chosen for this experiment. Total protein extracts from HEK293 cells 

expressing either BdQUAC1 or mutant 335A/342A were obtained by lysing the cells in buffer 

containing detergent. The lysates were applied directly to CaM resin, and following extensive 

washing to remove all unbound proteins. All CaM bound proteins were then eluted with buffer 

containing 20 mM EGTA. The eluate was analyzed by total protein stain and western blot.  

Western blot analysis showed a strong band at the expected molecular weight for wildtype 

BdQUAC1 (Figure 4.12A). The intensity of the corresponding band was dramatically reduced for 

the double mutant 335A/342A sample and no band was detected in the negative control from 

HEK293 transfected with the empty vector pIRES-eGFP (Figure 4.12A). Quantification of the 

band intensity showed a ~ 75 % reduction (after subtraction of un-transfected background) in the 

amount of 335A/342A mutant eluted, compared to wildtype BdQUAC1 (Figure 4.12B). This is 

consistent with the reduced binding affinity detect for this mutant by ITC. 
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Figure 4. 12 Binding of full-length wildtype QUAC1 and mutant 335A/342A to CaM.  

A) Representative Western Blot and reversible protein stain image of full-length wildtype QUAC1 

and mutant 335A/342A eluted from CaM-affinity resin. B) Quantification of full-length 

BdQUAC1 protein bound to CaM.  Wildtype BdQUAC1 and mutant 335/342 binding to CaM were 

analyzed by Western Blot using an anti-Myc-tag antibody, n = 4. Signals of wildtype and mutant 

QUAC1 from western blot were quantified against total proteins stain, and wild-type QUAC1 was 

normalized to 1. ** indicates p ≤ 0.01.  
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4.4. QUAC1 affects rust infection by regulating stomatal opening 

4.4.1. Relationship between QUAC1 and rust infection 

     Rusts require specific stomatal aperture width for infection. As mentioned in the above 

chapter, leaf rust was able to penetrate closed stomata while stem rust requires opened stomata for 

successful infection (Caldwell and Stone 1936, Hart 1929). At the same time, studies have 

suggested that rusts have the ability to control stomatal function via the toxins they release 

(Grimmer et al., 2012). Nonetheless, the mechanisms by which these toxins regulate stomata 

remain unknown. Therefore, the host plant components that are involved in plant stomatal 

function, such as QUAC1, could be crucial for rust infection. In the following experiments, the 

level of rust infection is examined in plants where the expression of QUAC1 gene is altered and 

stomata are not properly functioning.  

4.4.2. Generation of QUAC1 knockdown plants in Brachypodium distachyon and qPCR 

confirmation 

     QUAC1 knockdown plants were generated in Brachypodium distachyon using the RNAi 

knockdown method. Initially, nine lines of knockdown plants were confirmed by qPCR at the T0 

generation (Figure 4.13). Of these, three lines with the lowest QUAC1 gene expression KD2, KD5 

and KD9 were chosen for seed collection and further experiments at T1 generation.     
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 Figure 4. 13 PCR quantification of RNAi knockdown of QUAC1 in B. distachyon T0 

generation plants.  

Expression of QUAC1 in knockdown plants was normalized to wildtype as 1. Knockdown lines 

highlighted in blue had the lowest QUAC1 expression and were selected for further experiments 

at the T1 generation.  

.  
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4.4.3. Stomatal measurement of transgenic Brachypodium 

     The expression of the BdQUAC1 gene in knockdown plants was re-checked by qPCR at 

the T1 generation. Unexpectedly, BdQUAC1 of KD5 and KD9 had rebounded back to expression 

levels either similar to or higher than wildtype. However, KD2 still showed a significant 

knockdown of QUAC1 as a young seedling (4-6 weeks old). Therefore, the KD2 line was used in 

further experiments. By the time KD2 plants matured (8-10 weeks old), the expression level of 

BdQUAC1 had also rebounded to levels significantly higher than wildtype, creating a ‘BdQUAC1 

overexpressing’ condition (Figure 4.14C). Measurement of stomata widths showed that KD2 

plants had larger stomatal pores compared to wildtype at the younger stage (Figure 4.14B) and 

smaller pores at the mature stage (Figure 4.14D). Moreover, when treated with malate and A23187, 

stomata of the mature KD2 plants were much more responsive compared to wildtype (Figure 

4.14D). These results further support the hypothesis that BdQUAC1 channel plays an important 

role in stomatal closure and that activities of the channel are regulated by malate and Ca2+. 
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Figure 4. 14 Quantification of BdQUAC1 expression in Brachypodium wildtype and the T1 

generation KD2 plants. 

 A) qPCR quantification of QUAC1 expression of T1 generation seedlings (3-5 weeks), n = 3 for 

each line.  B) Stomata width of the T1 generation KD2 seedlings (at 3-5 weeks), n = 100 

stomata. C) qPCR quantification of QUAC1 expression of the T1 generation KD2 mature plants 

(at 8-10 weeks), n = 19. D) Stomata width of the T1 generation KD2 mature plants (at 8-10 

weeks), n = 100 stomata for each treatment  
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4.4.4. BdQUAC1 knockdown plants respond to stripe rust infection 

     To investigate whether overexpression of the BdQUAC1 gene affects rust infection, mature 

‘overexpressing’ KD2 and wildtype Brachypodium were inoculated with stripe rust. At three days 

after inoculation, leaves were treated with fluorophore-conjugated wheat germ agglutinin (WGA). 

WGA bound to the rust fungus and was used as a labeling probe for quantification of appressoria. 

Germ tubes with appressoria formation were counted under the microscope at three days after 

inoculation. The result shows that the number of germ tubes and appressoria developed on 

wildtype leaves is higher than on KD2 leaves (Figure 4.15A).  At three weeks after inoculation, 

necrosis was observed on both wildtype and KD2 plants. However, visual inspection suggested 

that there was less infection on the KD2 plants than on wildtype (Figure 4.16). These results are 

consistent with what would be expected since stomata are predominantly more closed in mature 

KD2 plants, due to upregulation of BdQUAC1, and stripe rust only infecting through open stomata.  

 

  



 

104 
 

 Figure 4. 15 Effect of QUAC1 upregulation on the formation of appressoria.  

A) The number of germ tubes and appressoria observed on wildtype and KD2 leaves. Wildtype 

and KD2 leaves at approximately similar size were randomly selected for the experiments, n of 8 

leaves for wildtype and KD2 in two separate experiments. * indicates p < 0.05. B) Representative 

images of germ tubes and appressoria under the fluorescence microscope at 100 x magnification. 
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Figure 4. 16 Effect of QUAC1 upregulation on the ability of stripe rust to infect 

Brachypodium distachyon.  

Whole Brachypodium plants were infected with stripe rust. Photos were taken at 3 weeks after 

infection. 
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4.5 The effect of ABA on BdQUAC1 activation 

 An advantage of examinng the BdQUAC1 in HEK293 system rather than in protoplasts is 

the absence of plant-specific substances that could potentially affect the results. Application of 

ABA has been shown to increase the activity of S-type channels in protoplasts (Sasaki, 2010). 

However, this could be due to other effects, such as increases in Ca2+ concentration caused by 

ABA, leading to S-type chanel activation indirectly.  Here, the possibilty of any direct effect of 

ABA was tested on BdQUAC1 expressed in HEK293 cells in patch clamp experiments. Currents 

of BdQUAC1 were still observed with the addition of as much as 20 µM of ABA to the bath 

solution. However, there was no significant change to the channel activities with the presence of 

ABA (Figure 4. 17). This result shows that ABA does not directly interact with QUAC1, thus the 

modulation of QUAC1 by ABA is presumably through the Ca2+ -dependent and Ca2+ -independent 

pathways as mentioned earlier.  
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Figure 4. 17 The effect of ABA on BdQUAC1 channel activity.  

Currents of BdQUAC1-HEK293 cells were recorded with 30 mM of malate in the external 

solution and 0.5 μM Ca2+ in the pipette solution. No ABA (black circles), 20 µM ABA (white 

circles) were added to the bath solution, with n = 6 cells.  
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5. GENERAL DISCUSSION AND CONCLUSION 

5.1. Significance of the studies 

Since sequence alignment showed only 56 % identity between Arabidopsis and 

Brachypodium QUAC1, this study first demonstrated that regulation of QUAC1 in monocot 

(Brachypodium) and its role in stomatal function were similar to what had been reported in 

previous studies for the dicot (Arabidopsis) QUAC1 (Meyer et al., 2010, Imes et al., 2013). As for 

the novel discovery aspect, the study showed, along with malate, a requirement for Ca2+ and CaM 

to activate the BdQUAC1 channel. Furthermore, a CaM binding domain in BdQUAC1 has been 

identified with evidence showing direct interactions between CaM and this BdQUAC1 CBD. 

Sequence alignments showed the presence of this CBD sequence in other monocots. Additionally, 

the study also showed the effect that modified BdQUAC1 expression has on stomatal function and 

stripe rust infection, thus supporting findings from other studies that pathogens require, and have 

the ability, to regulate stomata for successful infection (Grimmer et al., 2012). 

5.2. Validation that BdQUAC1 is an inward rectifying anion channel activated by malate. 

Inward rectification is either the influx of cations or leaving of anions, and is indicated by 

negative currents. Prior to the identifying AtALMT12 as an R-type anion channel and renaming 

to AtQUAC1 (Meyer et al., 2010), AtALMT12 was reported, in a separate study, as an outward 

rectifying (positive currents) anion channel for chloride and nitrate (Figure 5, Sasaki et al., 2010). 

Besides renaming the channel, Meyer et al., (2010) showed that AtQUAC1 was also permeable to 

sulfate and malate. Activation of AtQUAC1 by malate showed both positive (anion uptake into 

cytosol) and negative (anion release) currents (Figure 5, Meyer et al., 2010). This suggests that 
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anions can be taken-up into the cytosol or released from the cell via malate-activated AtQUAC1. 

Indeed an earlier electrophysiological study (Colcombet et al., 2009) of R-type channels in 

Arabidopsis protoplasts showed both positive currents with chloride influx and negative current 

with sulfate efflux (Diatloff et al., 2009, Colombet et al., 2009). As for BdQUAC1, the whole cell 

recordings (activated by malate) in this study showed negative current densities (Figure 4.2), 

indicating the release of anions. The positive currents observed at depolarized voltages were 

comparable to the negative control, GFP. With stomatal closure, it is the release of anions through 

anion channels (such as SLAC1 and QUAC1) that depolarizes the guard cell membrane and 

subsequently activates K+ channels, causing an efflux of K+ leading to the closing of stomata. 

  Meyer et al., 2010 reported the activation of AtQUAC1 in response to increasing malate 

concentrations in external solutions (Figure 5, Meyer et al., 2010). However, the authors did not 

provide a negative control; therefore the observed current could arguably be an effect malate had 

on the endogenous currents of oocytes rather than on AtQUAC1. In this study, testing of the 

activation of BdQUAC1, along with the negative control GFP, at 30 mM external malate, validates 

the findings reported by Meyer (2010) and confirms its occurrence in a monocot QUAC1. 

 5.3. There is a cytosolic Ca2+ requirement for BdQUAC1 activation 

In previous studies, where AtQUAC1 was expressed in the Xenopus oocyte system, no 

specific requirement for Ca2+ was reported (Sasaki et al., 2010, Meyer et al., 2010). Here, 

BdQUAC1 was expressed and studied in the HEK293 system. Unlike Xenopus oocytes, the 

HEK293 expression system allows the accurate control of intracellular solute concentrations via 

pipette solutions. Whole-cell recordings of HEK293 throughout the study were presented in ∆ 

current densities as an indication of malate activation of the channel, calculated by subtracting the 
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current densities prior to malate addition from the current densities after (30 mM) malate addition. 

At 0 µM cytosolic Ca2+, BdQUAC1 was utterly unresponsive to malate activation, having a ∆ 

current density near 0. However, BdQUAC1 showed a dose-dependent response to cytosolic Ca2+ 

from 0, 0.05, 0.1, to 0.5 and 5 µM, in the presence of malate. This demonstrated the malate/ Ca2+ 

co-activation property of the channel. In the studies on AtQUAC1, malate-activation of the channel 

was also shown to be dose-dependent (Meyer et al., 2010). However, whether the cytosolic Ca2+ 

concentration affects the BdQUAC1 channel’s sensitivity to malate and remains unexplored. 

Nonetheless, it is certain that activation of BdQUAC1 requires both cytosolic Ca2+ and external 

malate 

Although working together, Ca2+ and malate seem to affect voltage-dependent properties 

differently. While increasing cytosolic Ca2+ concentrations had no effect on the BdQUAC1 

channel’s voltage dependence of conductance, increasing malate concentrations shifted the 

AtQUAC1 channel conductance curve to the left, indicating a less depolarising voltage-

dependence of the channel (Meyer et al., 2010). (However, this effect of increasing malate has not 

been tested on BdQUAC1.) This suggests that though co-activating BdQUAC1, the mechanisms 

by which the two modulators affect the channel are different. Moreover, Ca2+ interacts with the 

channel from the cytosolic side whereas malate interacts with the channel from the extracellular 

side, which would be consistent with different effects. 

5.4. The mechanism and function associated with the Ca2+ requirement for BdQUAC1 

activation 

Ca2+ -dependent mechanisms of BdQUAC1 activation could possibly be mediated through 

kinases and CaM. Studies have reported that the AtQUAC1 channel as well as the TaALMT1 
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channel were controlled by kinases (Imes et al., 2013, Ligaba et al., 2009). Pre-incubation of 

TaALMT1 in the non-specific kinase inhibitor staurosporine significantly reduced the channel’s 

currents (Ligaba et al., 2009). Unexpectedly, application of 60 nM staurosporine resulted in an 

increased current density rather than a loss of activity. This result is in contrast to what had been 

reported for TaALMT1. Thus, seemingly, the effect of the kinase inhibitor observed here is 

irrelevant to the Ca2+ -dependent properties of BdQUAC1 channel, observed in earlier experiments. 

Therefore, the mechanism associated with kinase inhibition was not studied further.  

The role of CaM in BdQUAC1 activation was tested in the same manner using the CaM 

inhibitors W-5 and W-7. W-5 is a less effective antagonist for CaM and often even used as a 

negative (non-specific) control at lower concentrations (Hidaka et al., 1983). Upon application of 

either of the inhibitors (W-7 at lower and W-5 at higher concentrations), BdQUAC1 showed a 

drastic reduction in ∆ current density. Testing in a dose-dependent manner, BdQUAC1 showed a 

dose-response to W-7 from 1 µM to 10 µM, validating the involvement of CaM in BdQUAC1 

activation.  

For decades, Ca2+ and CaM have been known to play an important part in stomatal closure. 

Numerous CaM binding drugs, including W-7, have been tested by different studies to show the 

crucial role of CaM in response to ABA-induced stomatal closure in Commelina species (De Silva 

et al., 1985, Donovan et al., 1985). Additionally, stomata treated with CaM-binding drugs showed 

significant increases in stomatal aperture widths. However this effect occurred only at lower Ca2+ 

concentrations, as higher Ca2+ concentrations overwhelmed the effect of CaM inhibitors (Donovan 

et al., 1985). Toward relating this event of Ca2+/CaM induced stomatal closure with BdQUAC1, 

the stomata measurement assay was carried out on Brachypodium leaves with the use of malate, 

low concentration of Ca2+ (delivered by the Ca2+ ionophore A23187), and W-7. A23187 is a Ca2+ 
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ionophore which is known to allow the transport of Ca2+ across the guard cell membrane, and has 

been shown to be effective in previous stomatal studies (De Silva et al., 1985). Notably it 

introduces Ca2+ into the cytosol without invoking the traditional ABA-induced stomatal regulation 

mechanism. Here, malate/Ca2+ was found to induce stomatal closure in Brachypodium, and more 

importantly, the presence of W-7 reversed this event in a dose-response manner. These effects of 

malate/Ca2+/CaM on stomata are consistent with the effects observed on electrophysiological 

analysis of BdQUAC1. Stomata of mature KD2 plants, overexpressing QUAC1, under all 

conditions, showed smaller stomatal aperture widths. In addition, when treated with 

malate/A23187, while wildtype showed a 5% decrease in stomatal widths, KD2 showed an 11% 

decrease in stomatal width, highlighting a much stronger response with upregulated BdQUAC1. 

With the transgenic plant data, the role of BdQUAC1 in stomatal closure is validated, consistent 

with general functionality reported for AtQUAC1 (Meyer et al., 2010, Sasaki et al., 2010).  

5.5. Validation of the CaM-binding domain of BdQUAC1   

Having computational predictions generate a putative CBD for BdQUAC1, the three basic 

residues (a.a 335, 338, 342) of the domain were changed to Ala in the combination of double or 

triple mutations for electrophysiological studies. A decrease in ∆ current densities and change in 

kinetics were observed in mutants containing the residue K335A (mutants K335A/K338A, 

K335A/R342A, and K335A/K338A/R342A). These two double mutants showed a small shift in 

the activation voltage of the normalized conductance curve, indicating less hyperpolarizion is 

required for the channel activation. In addition, the deactivation process of K335A containing 

mutants was slowed significantly compared to wildtype. These two kinetic changes suggest a link 

between the CBD and the voltage-dependent property of the channel. However, experiments with 
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different concentration of cytosolic Ca2+ or W-7 did not result in a significant kinetic change. 

Therefore, it is likely the structural changes in the mutants somehow changed the structure of the 

channel, slowing its kinetics and affecting the CaM interaction. These changes in kinetics and 

effects on CaM interaction would seem to occur somewhat independently. Nonetheless, the 

decrease in ∆ current densities in these mutants again indicates BdQUAC1 activation is CaM-

dependent.  

     Direct binding between BdQUAC1 CBD peptide and CaM was confirmed by ITC and the 

interaction between full-length BdQUAC1 and CaM was confirmed again by CAP. In the ITC 

analysis, wildtype BdQUAC1 CBD - CaM interaction yielded a two-state binding model, which is 

commonly reported in other functional CBD-CaM interactions (Reichow et al., 2013). Under the 

two-state binding model, two separate CBD peptides bind to one single CaM, one after the other 

with a small conformational change. Interestingly, in the absence of Ca2+, binding of the wildtype 

CBD to CaM was still observed but with low binding affinity. It could be the presence of Ca2+ -

independent CaM binding, which had been observed in other CaM binding proteins (Yuan et al., 

1999, Shen et al., 2005). However, this could also be due to residual Ca2+ in the system which was 

not eliminated entirely.  

     Investigation of mutated CBD peptides by ITC yielded results consistent with the 

electrophysiological data. The Ala substituted mutant peptides was too hydrophobic and formed 

large particle complexes (detected by dynamic light scattering), the chosen residues (a.a 335, 338, 

342) were substituted with Asp, a negatively charged amino acid.  CaM interacting with CBD 

peptides carrying the mutated amino acid K335D fit only a one-state binding model with low 

binding affinities, and no interactions were observed with the K335D/K338D/R342D peptide. The 

loss of a binding state in the mentioned peptides could be due to the K335D mutation which results 
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in the loss of a conformational change that allows binding of the second peptide to CaM. Consistent 

with the patch clamp result, the double mutant K338D/R342D was indistinguishable from WT 

control.  

The CAP results again showed that the full-length wildtype BdQUAC1 was effectively 

pulled-down by CaM, demonstrating their interaction. In contrast, pull-down of the full-length 

K335A/K338A mutant was drastically reduced. The result obtained from pull-down of the full-

length K335A/K338A explains the low whole cell current density observed in patch clamp. 

Substitution at R335 with either Ala or Asp reduces binding to CaM and thus decreases activation 

of whole cell currents of BdQUAC1. The ITC and CAP, together with the patch clamp data validate 

the hypothesis that BdQUAC1 contain a CaM-binding domain, and interaction with CaM directly 

modify the channel’s activity. Though closure of stomata does not rely solely on QUAC1, 

nonetheless these findings support the physiological response of stomata to CaM. 

5.6. The role of BdQUAC1 in pathogen infections 

     The infection of stripe rust was examined on mature wildtype and KD2 plants, the latter 

having more closed stomata due to overexpression of BdQUAC1. By observation, there were more 

infection symptoms on wildtype leaves compared to KD2 leaves. Unfortunately, there is no 

reliable method of quantifying the symptoms shown on Brachypodium, thus interpretation of the 

data is based solely on the numbers of germ tubes and appressoria formation. As expected, 

wildtype leaves inoculated with stripe rust had significantly higher appressoria counts compared 

to KD2, which is consistent with the degree of infection symptoms that appear on the leaf surface. 

Although not indicated in figure 4.14D, the average stomatal widths of untreated wildtype were 

1.55 µM and of untreated KD2 was 1.48 µM. Whether this difference of 0.07 µM has a significant 
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impact on stripe rust is unclear, however these results imply BdQUAC1 perhaps also plays a role 

in stripe rust infection.   

Of the three types of wheat rust, stem rust has been shown to penetrate only through open 

stomata, and leaf rust has the ability to penetrate through both opened and closed stomata. 

However, there have not yet been reports indicating whether stripe rust could penetrate through 

open or closed stomata. Findings here show stripe rust is likely to prefer penetration through open 

stomata.    

5.7. Limitation of studies  

Use of the mammalian system. The HEK293 system was used to express BdQUAC1 for 

the patch clamp experiments. Mammalian expression systems such as HEK293 cells and Xenopus 

oocytes have previously been used for the study of plant ion channels. Evidently, the study in 

which the AtQUAC1 was identified, the protein was expressed and studied in Xenopus oocytes 

(Meyer et al., 2010). Examples of studies in which plant ion channels were cloned and expressed 

in HEK293 cells include Ooi et al., 2016, Ooi et al., 2017. Besides the use of HEK293 cells, bovine 

CaM was used for the ITC experiments. Sequence alignments yielded 90% identity between the 

Bos Taurus CaM (NP_001159980.2) and Brachypodium CaM (XP_014755014.1). However, 

bovine CaM have also been used previously in the detection of plant CaM-binding proteins 

(Nakamura et al., 2006, Yang et al., 2010) 

Limitation of the HEK293 expression system. Since activities of the channel were observed 

starting at -100 mV, the clamped voltage in this study was quite low. Since the pulse protocol 

included such low voltage, the recording time for each pulse had to be shortened to avoid 

disruption of the membrane and leakage of currents. For such low voltage, Xenopus oocytes would 
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be a better choice due to its bigger size and stability. However, the Xenopus doesn’t allow the 

control of intracellular solutes.  

Unequal expression of wildtype and mutant BdQUAC1 in HEK293 cells. Mutants of 

BdQUAC1 were not expressed as well as wildtype on HEK293 membrane. This was compensated 

by normalizing currents against the amount of protein expressed. However, the interpreted results 

would become incorrect without checking the amount of protein expression.  

The small size of Brachypodium leaves. Although QUAC1 knockdown transgenic plants 

were generated, a number of standard phenotyping experiments were not achievable due to the 

small sizes of Brachypodium leaves, such as comparing transpiration, measuring the rate of water 

loss between wildtype and transgenic plants, and isolating guard cell protoplast for patch clamp.  

5.8. Conclusion and future direction 

     QUAC1, to date, is the only identified R-type anion channel in plant guard cells. Overall, 

this study has explored the regulation of QUAC1 activation in monocot using the Brachypodium 

model. The activation of BdQUAC1 is co-regulated by malate, Ca2+ and CaM (Figure 5.1). A 

CaM-binding domain (residues 334 to 351) has been identified within BdQUAC1 and shown to 

interact with CaM physically. As an R-type channel, BdQUAC1 is expected to be required for 

stomatal closure. Consistent with this, overexpression of the BdQUAC1 gene leads to stomatal 

closure and less stripe rust infection.    

     Alignment of the BdQUAC1 sequence with the QUAC1 sequence of other monocot species 

showed a conserved CBD domain (Figure 4.1). However, the same region in dicot QUAC1 

sequences did not have the same common properties of a CBD. Therefore, the sensitivity to Ca2+ 

and CaM of QUAC1 from other monocot and dicot species remains to be tested. Additionally, the 
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association between QUAC1 and the mechanism by which pathogens might regulate stomata are 

yet to be explored. 
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Figure 5. 1 Regulation of QUAC1 through ABA signaling pathways.  

Through the Ca2+ -independent pathway, OST1, in the presence of malate, interacts with QUAC1 

and stimulates the activation of the channel. Through the Ca2+ -dependent pathway, ABA causes 

an elevation of calcium concentration. The Ca2+/CaM complex with malate activates QUAC1, 

leading to stomatal closure. 
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