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Abstract 

Water scarcity limits crop yield. This is in part because of a reduction in plant photosynthetic 

capacity due to a trade-off between water loss through transpiration and CO2 intake, which 

is ordinarily optimised through the opening and closing of stomata, micropores located on 

the surface of aerial part of plants. Stomatal pores are delineated by pairs of guard cells 

and stomatal movement is driven by osmolarity changes within guard cells compared to 

the surrounding cells, which is regulated by an elaborate network of transporters and 

signalling pathways.  

GABA (γ-aminobutyric acid) is a non-proteinogenic amino acid in plants, which is mainly 

synthesised from glutamate catalysed by Glutamate Decarboxylase (GAD) in the cytosol. 

There are 5 GAD genes (GAD1-5) identified in Arabidopsis thaliana, with GAD1 and GAD2 

the most abundant transcripts. GABA has long been speculated as a signalling molecule 

in plants, with reports connecting GABA synthesis or metabolism to physiological 

phenotypes, such as accumulation of biomass, pollen tube elongation and tolerance to 

stress. The recent discovery that Aluminium-activated Malate transporters (ALMTs) may 

act as GABA receptors has identified a potential mechanism by which GABA affects 

membrane potential and can act as a signal in plants. A number of ALMTs are involved in 

stomatal movement, so here, we use stomatal guard cells as a model system to further 

investigate whether GABA acts as a signalling molecule in plants through the manipulation 

of GABA metabolism and ALMT expression in Arabidopsis.  

Initial findings within this thesis were that ablation of GAD2, the predominant GAD in leaves, 

led to significantly reduced endogenous GABA in leaves and enlarged stomatal pores, 

decreased water use efficiency, increased drought sensitivity and reduced sensitivity to 
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abscisic acid (ABA) induced stomatal closing; these were restored to wildtype levels by 

reintroduction of GAD2 into leaves targeted exclusively into guard cells. Endogenous 

concentrations of GABA appeared to be negatively associated with stomatal opening in an 

ALMT9 dependent manner, which is a tonoplast localised anion transporter. These initial 

findings are the first clear genetic demonstration that GABA signalling can occur in planta. 

The impact of the other GADs on GABA signalling processes within stomata were further 

studied by employing the higher order gad1/2/4/5 knockout mutant, which has further 

reduced GABA production. Surprisingly, the quadruple mutant did not mimic the stomatal 

phenotype of gad2, instead it resembled WT in stomatal aperture, stomatal conductance 

and drought tolerance. However, when GAD2 was expressed in the quadruple mutant 

background it elevated stomatal conductance to near gad2 levels. We hypothesised that 

the divergent phenotypes of gad2 and gad1/2/4/5 were due to varied traits of GADs 

homologues, which may result in diverse GABA distribution tissue-wise and thus alter 

plants response to GABA. This was further explored on other higher order mutants 

generated from crossing the parental gad2-1 with gad1/2/4/5, comparing to phenotypes of 

single mutants of gad1, gad2 and gad4. The F1 gad2-1 x gad1/2/4/5 plants mimicked the 

genotype of gad2-1. The filial generation has elevated stomatal conductance which 

consistent with the mutation of GAD2 being causation of more opened stomata. Stomatal 

conductance and aperture measurements on F2 and F3 plants suggests a synergistic effect 

of GAD homologues in mediating GABA signalling of stomatal movement. Our results 

indicate that knockout of both GAD4 and GAD5 contributes to the divergent phenotypes of 

gad2 and gad1/2/4/5. We were also able to show that GABA at a non-stressed 

concentration (0.5 mM) increases stomatal aperture during opening assays of WT in 

contrast to when GABA is applied at a stress level of GABA (2 mM) which limits opening. 
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Increased opening due to 0.5 mM GABA was absent in several GAD(s) mutant plants, 

which again suggested an altered cellular homeostasis caused by various mutations in 

GADs. Finally, results from epidermal strip assays with pharmacological treatment of GABA 

and/or ABA suggests GAD1 and GAD4 are required for the full response to ABA for 

inhibition of stomatal opening. 

In summary, this thesis demonstrates that the GABA-ALMT9 interaction mediates a 

pathway by which GABA signalling occurs in the stomata of Arabidopsis. However, it also 

reveals a complexity in GABA regulation of stomatal movement where it is not a simple 

linear dose-response relationship and, rather it involves cross talk that is likely to involve 

multiple GAD homologues.



Chapter I General introduction and literature review 

General introduction 

Land plants are shielded by a hydrophobic cuticle layer on the aerial surfaces of plants, 

which affords some protection to plants from the challenges of the terrestrial environment, 

such as desiccation (Domínguez et al. 2017). In order to maintain photosynthesis for 

growth, plants need to take in CO2 from the surrounding atmosphere. Meanwhile, water is 

transpired from plants to support cell expansion and nutrient uptake. Water loss mainly 

occurs through stomata, which are micropores surrounded by pairs of guard cells on the 

aerial surfaces of plants (Matthews et al. 2017). To balance the trade-off between carbon 

gain and water loss, plants finely mediate stomata movement, opening and closing, through 

hierarchies of endogenous signal pathways, involving plant hormones, ions and 

metabolites (Singh et al. 2017, Qu et al. 2019, Lawson and Matthews 2020, Hsu et al. 

2021). Such delicate modulation occurs in response to environmental stimuli, such as 

changes in light and humidity (Driesen et al. 2020, Matthews et al. 2020). Therefore, 

stomatal movement is not only required for higher plants to grow, but also contributes to 

the water and carbon recycling of the global ecosystem and has significant impact on 

climate (Beerling and Franks 2010, Nicotra et al. 2010, Zhu et al. 2016, Lemordant et al. 

2018).  

Global warming has been projected to be a continuing climate challenge for the coming 

century (Tokarska et al. 2020). The increase in global surface temperature is predicted to 

lead to a general increase in land water vapor and ultimately reduce humidity in both soil 

and the atmosphere around the continental region (Huang et al. 2017, Vicente-Serrano et 

al. 2018, Al‐Ghussain and Energy 2019). Drought stress reduces plant growth and 
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contributes to a reduction in agricultural productivity (Eziz et al. 2017, Sehgal et al. 2018). 

Such impact occurs despite intricate stress responses of plants at the transcriptomic and 

proteomic level, mediated by cascades of signalling networks (Kaur and Asthir 2017, 

Fàbregas and Fernie 2019). 

Abscisic acid (ABA) is a plant hormone, which involved in diverse aspects of physiological 

process, among which its role in drought tolerance has long been studied (Ali et al. 2020, 

Takahashi et al. 2020). It is well-known for its function in induction of stomatal closure by 

targeting both transcriptional reprogramming and osmolarity regulation (Vishwakarma et 

al. 2017, Kumar et al. 2019, Hsu et al. 2021). In guard cells, ABA synthesis is both 

autonomous within guard cells and can occur via long distance signals, which enable plants 

to finely modulate gas exchange to a changing environment (Bauer et al. 2013). Core ABA 

signalling reduces guard cells turgor by activating transport activity of QUick Anion 

Channels (QUACs) and SLow Anion Channels (SLACs), which exclude anions from guard 

cells during stomatal closing (Dreyer et al. 2012, Cotelle and Leonhardt 2019). Anion 

transport depolarises membrane potential to active potassium outward transporters, and 

ultimately leads to water loss from guard cells (Hosy et al. 2003).   

-Aminobutyric acid (GABA) is a non-proteinogenic amino acid found widely across the 

kingdom of life, which in plants was initially discovered from potato tuber (Elliott and Jasper 

1959). In plants, GABA can accumulate markedly and rapidly under varied stresses, and it 

has long been speculated to be a plant signalling molecule (Bouche and Fromm 2004, 

Bown and Shelp 2016, 2020). Research conducted during the past decades has connected 

changes in GABA metabolism to plant transcriptome responses, redox and pH balance, 

mitogen-activated protein kinase (MAPK) cascades, C/N balance, Ca2+ signalling (Bouché 

et al. 2003, Zhu et al. 2019, Deng et al. 2020, Li et al. 2020), but many gaps remain 
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including answering the question of whether GABA is just a stress induced metabolite or a 

signalling molecule and, if so, how is GABA signalling transduced in plants?  

When expression of genes encoding Glutamate Decarboxylase (GAD1, 2) were ablated 

via T-DNA insertional mutagenesis, the resulting low endogenous GABA corresponded to 

elevated rates of stomatal conductance (Mekonnen et al. 2016). Members of Aluminium-

activated Malate Transporter (ALMT) family have critical roles in both stomatal opening and 

closing (Meyer et al. 2010, De Angeli et al. 2013b). The family from across plant species is 

subject to regulation by GABA, and subsequently it was found that they can transport GABA 

(Ramesh et al. 2015, Ramesh et al. 2018), which suggests that they are promising 

components of plant GABA signalling ripe for future research (Gilliham and Tyerman 2016, 

Ramesh et al. 2017). The following chapter will provide an update on research related to 

plant GABA and the potential for it to be a guard cell signal; further, it will identify knowledge 

gaps, and research questions that will be addressed in this thesis. 

GABA in plants 

GABA metabolism 

In plants, the main pathway for GABA synthesis is via the GABA shunt (Fig. 1). It starts 

with glutamate (Glu) synthesis from 2-ketoglutamate (AKG) catalysed by glutamate 

dehydrogenase (GDH) in the cytosol. Then Glu is converted to GABA by Glu 

Decarboxylase (GAD), which consumes H+ and produces CO2. Then, GABA is transported 

by a GABA permease into mitochondria (GABAP), where it is catabolized to succinic semi-

aldehyde (SSA) by GABA-Transaminase (GABA-T), and further into succinate by SSA 

dehydrogenase (SSADH) (Fait et al. 2008, Bown and Shelp 2020). This cascade of 
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reactions bypass two steps of the TCA cycle from AKG to succinyl-CoA by α-ketoglutarate 

dehydrogenase (OGDC) and succinyl-CoA to succinate catalysed by succinyl-CoA 

synthetase (SCS) (Fig. 1). Many studies have shown that the GABA shunt and TCA cycle 

work cooperatively to maintain the level of succinate for the TCA cycle (Hijaz and Killiny 

2019). For instance, when OGDC in Solanum tuberosum (potato) was selectively inhibited 

by analogues of AKG, the level of succinate was still elevated after around 2 hours of 

treatment, most likely due to the upregulation of the GABA shunt (Araújo et al. 2008). 

Likewise, in Solanum lycopersicum (tomato), when succinyl-CoA synthetase gene 

expression was silenced by RNAi, the expression of GAD was transcriptionally 

upregulated, which consequently supplied succinate to the TCA cycle and maintained the 

respiration rates at normal levels (Studart-Guimarães et al. 2007). The relationship 

between the TCA and the GABA shunt has been shown by both GABA accumulation 

contributing to organic acid synthesis in the TCA cycle (Hijaz and Killiny 2019, Lee et al. 

2020) and via the disruption of GABA transport into mitochondria, i.e. the T-DNA insertion 

mutant of GABAP, where carbon oxidation associated with the TCA cycle is increased 

(Michaeli et al. 2011). As such, the GABA shunt has been proven to be an efficient bypass 

of the TCA cycle. 
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Figure 1. GABA synthesis in plants.  

The model illustrates GABA synthesis via GABA shunt. GABA, γ-Aminobutyric Acid (indicated by 

green triangles); GABAP, GABA permease; GABA-T, GABA-Transaminase; SSA, Succinic Semi-

Aldehyde; SSADH, SSA Dehydrogenase; AKG, 2-Ketoglutamate; OMT, AKG transporter; OGDC, 

Α-Ketoglutarate Dehydrogenase; SCS, Succinyl-Coa Synthetase; GDH, Glutamate 

Dehydrogenase; Glu, Glutamate; GAD, Glutamate Decarboxylase; Ca2+/CaM, Calcium 

/Calmodulin Complex; ALMT, Aluminium-Activated Malate Transporters. 

GABA can also be synthesised from polyamine catabolism from putrescine, catalysed 

directly by NAD+-dependent aminoaldehyde dehydrogenases (AMADH) or indirectly by 

PDH (pyrroline dehydrogenase) (Signorelli et al. 2015). Previous research indicated that 

these enzymes are NAD+-dependent enzymes and not induced under abiotic and biotic 

stress due to an increased NADH/NAD+ ratio, thereby these are unlikely to contribute to 
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the stress-induced accumulation of GABA (Flores and Filner 1985, Allan et al. 2011, Shelp 

et al. 2012). Homologues of AMADH in Arabidopsis, the aldehyde dehydrogenase 10 family 

(ALDH10A8 and ALDH10A9), can contribute partially to GABA synthesis in response to 

saline stress where the mutant lines still had significant lower GABA accumulation 

comparing to WT (Missihoun et al. 2015, Zarei et al. 2016, Shelp and Zarei 2017). Further, 

in vivo analysis characterized those enzymes as glycine betaine synthetase with an optimal 

pH over 8.5, suggesting the possible contribution of the enzyme to GABA synthesis would 

be limited in organelles, such as those with higher pH and likely to be only evoked during 

rare cases of stress induced alkalisation, such as peroxisome (pH= 8.4) and apoplast 

(although 6.5-6.7 under normal conditions in Arabidopsis, have been proposed to increase 

by ~2 pH units after encountering pathogen attack in barley from 5 to 7) (Shen et al. 2013, 

Geilfus 2017, Martinière et al. 2018). Thus, GAD catalysed GABA synthesis should be the 

main source of GABA production in plants. 

Plant GAD commonly contains a C-terminal Ca2+-dependent calmodulin (CaM)-binding 

domain that acts as an autoinhibitory domain relieved by the binding of Ca2+/CaM (Du et 

al. 2011), with several exceptions, such as rice OsGAD2, apple MdGAD3, and possibly 

GAD3 and GAD5 of Arabidopsis (Akama and Takaiwa 2007, Trobacher et al. 2013, Shelp 

and Zarei 2017). Studies have shown that GAD activity is Ca2+/CaM dependent, and 

optimal at an acidic pH. For instance, both Arabidopsis GAD1 and GAD2 has maximum 

activity at pH 5.8 (cytoplastic pH generally in Arabidopsis is 7.3), where Ca2+/CaM can 

increase the enzyme activity by several fold (Zik et al. 1998, Shen et al. 2013, Trobacher 

et al. 2013, Demes et al. 2020). In vivo analysis suggests an equilibrium of Arabidopsis 

GAD1 between a less active dimer to the fully activate hexamer mediated by a reduction 

in cytoplasmic pH, and induction of Ca2+/CaM and accumulation of GAD1 (Astegno et al. 



Chapter I General introduction and literature review    23 

 

 

2015). This is in accordance with GABA accumulation under varied stress conditions (Locy 

et al. 2000, Scholz et al. 2017, Fàbregas and Fernie 2019). Cytoplasmic acidification can 

occur in plants encountering anoxic stress (Felle 2005). Ca2+, as a secondary messenger, 

mediates signal transduction in response to environmental stimuli, and plant hormones, 

with high sensitivity (Iqbal et al. 2020). GAD expression and protein concentration, also 

accumulates under stress conditions (Carillo 2018). Increases in cytoplasmic Ca2+, and 

GAD protein content, and decreases in cytoplasmic pH are all suggested to be the major 

ways in which GABA synthesis is stimulated (Astegno et al. 2015).  

There are 5 homologues of GAD in Arabidopsis, GAD1 to GAD5. All five members have 

distinct expression patterns and transcriptional profiles in seedlings (Figure 2). GAD1 is 

mainly expressed in roots and has much lower expression in shoots (Bouché et al. 2004), 

while GAD2 is the most abundant isoform expressed in shoots (Scholz et al. 2015). 

Transcript expression of GAD3 and GAD5 is mainly detectable in siliques and flowers 

respectively (Miyashita and Good 2008). While GAD4 expression is distributed in the whole 

plants at a relatively low level under normal conditions but is induced under: salt stress and 

hypoxia in Arabidopsis  (Zarei et al. 2017, Safavi-Rizi et al. 2020); in the ABA deficit mutant 

when the key gene (9-cis-epoxycarotenoid dioxygenase) coding ABA synthesis enzyme 

was mutated; and, in the gad1/2 mutant (Urano et al. 2009, Scholz et al. 2015). The loss-

of-function of single or multiple GAD (s) disrupts GABA synthesis in different tissues with 

distinct plant phenotypes (Bouché et al. 2004, Scala 2015, Mekonnen et al. 2016, Deng et 

al. 2020). T-DNA insertion of GAD1 reduced GABA accumulation in roots, which did not 

contribute to a visible root morphological change under control or hypoxic stress conditions 

(Bouché et al. 2004, Miyashita and Good 2008). However, additional mutation of GAD2 in 

the gad1 background (gad1/2), reduced GABA accumulation in both shoots and roots, had 
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increased sensitivity to drought stress compared to that of wild type due to elevated 

stomatal conductance (Mekonnen et al. 2016). gad1/2 also showed increased susceptivity 

to salt stress due to an enhanced Reactive oxygen species (ROS) production (Su et al. 

2019). The triple mutant gad1/2/4 and quadruple mutant gad1/2/4/5, which had further 

reduced endogenous GABA concentrations, showed enhanced susceptibility to 

Pseudomonas syringae inoculation (Deng et al. 2020). GAD1, GAD2 and GAD4 responded 

differently during immunity against pathogenic microorganisms in Arabidopsis, and GABA 

accumulation during this process appears to be downstream of mitogen‐activated protein 

kinase signalling (MPK3/MPK6) (Deng et al. 2020). Thereby, disrupted GABA synthesis, 

especially in shoots, seems to contribute to susceptibility of plants to biotic and abiotic 

stress. 
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Figure 2. Expression level of GAD homologues in Arabidopsis.  

Colour scale from yellow to red indicates absolute expression level of GADs. Data were adapted 

from The Bio-Analytic Resource for Plant Biology (Schmid et al. 2005, Waese and Provart 2017).  
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GABA transport in plants 

GABA metabolism (from synthesis in the cytosol to catabolism in mitochondria) (Shelp and 

Zarei 2017), and its potential signalling functions (e.g. immunity response) (Shelp et al. 

2006), depends upon the transport of GABA across membranes. So far, several families of 

transporter proteins have been identified in plants that appear to catalyse the movement of 

GABA, i.e. ProTs (proline transporters), AAP3 (amino acid/auxin transporter), GAT1 

(GABA transporter), GABP (GABA permease) and CAT9 (cationic amino acid transporter), 

and ALMTs (Fischer et al. 2002, Meyer et al. 2006, Henry et al. 2007, Michaeli et al. 2011, 

Ramesh et al. 2018). The plasma membrane localised GABA transporters identified so far 

had either low affinity to GABA (AAP3, ProTs) or no significant impairment on cytosolic 

GABA level (GAT1) (Grallath et al. 2005, Batushansky et al. 2015). This could be due to 

presumably existence of other GABA transporters on the plasma membrane, such as 

ALMTs (Batushansky et al. 2015, Ramesh et al. 2018). Besides, GABA synthesis mainly 

takes place in cytosol, which is tightly controlled by GAD activity (Bown and Shelp 2020), 

and thus could hinder the detection of the contribution by plasma membrane GABA 

importers to cellular GABA concentration . Mitochondria GABAP is the only transporter so 

far identified mediating GABA uptake into mitochondria, which is required for further GABA 

catabolism (Michaeli et al. 2011). Perturbed GABA catabolism by mutation of gene 

encoding GABAP led to impaired root and leaf growth in a light dependent manner, possibly 

due to light dependent activity of TCA cycle in plants (Zhang and Fernie 2018). As for the 

tonoplast CAT9, mutation in tomato slcat9 altered GABA/Glu balance in leaves (increase 

in GABA and reduced in Glu concentration in tomato leaves) (Li et al. 2018). However, less 

is known about the role of vacuole storage of GABA, Glu and Asp, further data are required 

to elucidate the role of the tonoplast GABA transporter. GABA transport via ALMTs is more 
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dynamic. The direction is pH-dependent relying on GABA concentration and the presence 

of external anions (Ramesh et al. 2018). The influence of GABA on ALMTs has been 

associated to a putative GABA-binding motif on ALMTs (Ramesh et al. 2015, Long et al. 

2020). 

 

Figure 3. GABA transporters in plants. 

The figure illustrates transport activity and subcellular location of currently identified GABA 

transporters. The green arrows indicate GABA transport direction and affinity (solid arrow: high 

affinity transport; dotted arrow:  low affinity transport). Grey arrows indicate transport activity of the 

protein to other substrates. Negative charge signs represent varied anions, which can be transport 

by ALMTs, such as Cl- and Mal2- (Sharma et al. 2016). Since transport activity of Prots, GAT1 and 

ALMT was suggested to be pH-dependent (Breitkreuz et al. 1999, Meyer et al. 2006, Ramesh et 
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al. 2018), pH of varied subcellular compartments is also indicated (Kader and Lindberg 2010, Shen 

et al. 2013, Bhatti et al. 2017). ω-AFA: ω - aminiofatty acid; δ-ALA: δ- aminolevulinic acid; Pro: 

proline; GB: Gly Betaine; α-AA: α-Amino Acid; β-Ala: β-Alanine; Glu: Glutamate; Asp: Aspartate; 

GAT1: GABA Transporter 1; ProTs: Proline transporters; AAP3: amino acid/auxin transporter; 

GABP: GABA permease; SlCAT9: cationic amino acid transporter; ALMTs: Aluminium-activated 

malate Transporters. 

Stomatal movement

In the majority of dicotyledonous plants, the opening and closing of stomata is controlled 

by expansion and shrinkage of guard cells respectively (Mano and Hasebe 2021). The 

driving force for stomatal movement is the change in turgidity of guard cells, which is 

mediated by varied transporters and channels located on both the plasma membrane and 

tonoplast membrane of guard cells (Jezek and Blatt 2017, Sato et al. 2018, Xiang et al. 

2020). In brief, stomatal opening is initiated by efflux of H+ from the cytosol via the H+-

ATPase located on both the plasma membrane and tonoplast. This provides a 

hyperpolarised membrane potential and proton gradient, which are required to activate Kin
+ 

channels (potassium influx channels) and anion importers on the plasma membranes and 

subsequently sequestration of ions into vacuoles by tonoplast transporters, such as Na+/H+ 

antiporter (NHX) and ALMTs. The increased osmolarity in guard cells leads to a reduced 

water potential, and subsequent water uptake into guard cells. The built-up turgor pressure 

expands guard cells to open stomata. On the contrary, stomatal closing is induced by anion 

efflux initiated by activation of two types of anion channel on the plasma membrane, slow 

anion channels and its homologues (SLAC/SLAHs) and rapid-type anion channels 

(QUACs/ALMTs). These depolarise the membrane potential of guard cells and activate 
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efflux of K+ via the guard cell outward rectifying K+ channel (GORK). In the vacuole, K+ 

efflux by TPK (two-pore K+ channel) supports the anion efflux mediated by CLC (chloride 

channel) and ALMTs. The water potential is then increased in guard cells, which closes 

stomata due to the loss of water from guard cells (Kollist et al. 2014, Sharma et al. 2016).  

Among all the anion transporters involved in stomatal movement, ALMT family members 

can catalyse malate transport across both plasma membrane and tonoplast membrane. 

Not only that, malate, the shared target of ALMTs, can be degraded from or converted to 

starch, which has been suggested to be implicated in stomatal movement (Daloso et al. 

2017, Santelia and Lunn 2017). Thus, identification of the ALMT transport activity and 

regulation could contribute to untangling some of the complexity in the elaborate stomata 

signalling network. 

Varied transport traits of ALMTs and their role in guard cells 

Plant ALMTs are named after the first member of the family discovered, wheat ALMT1 

(TaALMT1), which mediates tolerance to the Aluminium trivalent cation (Al3+) in acidic soils 

(Sasaki et al. 2004). However, only a few ALMT family members are Al3+ activated (Liu and 

Zhou 2018). Phylogenetic analysis on anion channels and transporters in plants revealed 

that ALMTs are evolutionally grouped into different clades, with homologues in Arabidopsis 

divided into four clades (Clade I: ALMT1, 2, 7, 8; Clade II: ALMT3, 4, 5, 6, 9; Clade III: 

ALMT11-14; Clade IV: ALMT10) (Maia et al. 2011, Sharma et al. 2016) (Fig. 4). Arabidopsis 

ALMT1, in Clade I, is the only member in Arabidopsis identified so far with Al3+ activation. 

It is mainly expressed in root tips, from where it catalyses malate efflux to chelate Al3+ in 

acidic soils, Fe3+ at low phosphate conditions and facilitates alkaline tolerance (Hoekenga 
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et al. 2006, Lager et al. 2010, Balzergue et al. 2017, Kamran et al. 2020). Other clade I 

members, such as barley HvALMT1 (is plasma membrane localised) mediates efflux of 

malate and other organic acid out of guard cells and the root apex (Gruber et al. 2011). 

Less is known about the transport activity of ALMT10 in clade IV, except for that it was 

found to be induced in the almt12 mutant together with other ALMTs (ALMT3, 4, 5, 11, 13 

and 14) in pollen tubes (Gutermuth et al. 2018, Herbell et al. 2018, Domingos et al. 2019). 

Evidence are that rice OsALMT7 from clade IV mediates plasma membrane anion export, 

which is required for panicle growth (Miura et al. 2010). Clade II contains 5 members from 

Arabidopsis. ALMT4, 5, 6 and 9 are targeted on the tonoplast membrane (Fig. 5) (Gruber 

et al. 2011, Meyer et al. 2011, De Angeli et al. 2013b, Eisenach et al. 2017). ALMT6, which 

is distributed mainly in guard cells and flowers, is a pH-modulated bidirectional malate and 

fumarate channel activated by cytosolic Ca2+ (Meyer et al. 2011). Mutation of ALMT6 had 

reduced malate current of guard cell vacuoles, though the mutant did not show a significant 

impaired stomatal movement compared to that of wildtype (Meyer et al. 2011). ALMT9 

encodes a malate-activated chloride transporter in leaves and roots, catalysing malate, Cl- 

and fumarate uptake into the vacuoles of guard cells (De Angeli et al. 2013b). Mutation of 

ALMT9 led to impaired stomatal opening with increased drought performance (De Angeli 

et al. 2013b) and accumulated NaCl in shoots under saline stress (Baetz et al. 2016). 

Different from ALMT6 and 9, ALMT4 mediates malate efflux from guard-cell vacuoles, 

activated by cytosolic malate and MPK4/6. The loss-of-function of almt4 impairs ABA-

induced stomatal closure (Eisenach et al. 2017). Both overexpression of ALMT4 in 

Arabidopsis and HvALMT1 in barley result in more closed stomata of plants (Gruber et al. 

2011, Eisenach et al. 2017). Another clade member, grape VvALMT9, located on tonoplast 

of grape fruits, mediates tartaric acid accumulation, which contributes to berry flavour (De 

Angeli et al. 2013a). The tomato SlALMT5, localised in endoplasmic reticulum (ER), 
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expressed in tomato fruits and seeds, is an inward rectifying malate transport (Sasaki et al. 

2016). The last clade of ALMTs comprise the QUACs in Arabidopsis (Dreyer et al. 2012). 

ALMT12, i.e. QUAC1, is well known for fast activation characteristic during membrane 

depolarisation (Sussmilch et al. 2019). It is permeable to both organic and inorganic anions, 

which can be activated by cytosolic SO4
2- , malate and altered membrane potential (Meyer 

et al. 2010, Sasaki et al. 2010, Malcheska et al. 2017). ALMT12 disruption caused reduced 

stomatal closure to CO2 and darkness (Meyer et al. 2011). Recently, it has been found that 

QUACs (ALMT12, 13 and 14) act down stream of Ca2+ signalling in pollen tubes of plants, 

in a way by Ca2+‐dependent protein kinases (CPKs) activating their anion efflux at the 

apical area of pollen tubes. These channels worked cooperatively with a Ca2+ importer, 

contributing to a high [anion]cyt /[Ca2+]cyt to maintain pollen tube growth (Gutermuth et al. 

2018). A clade III ALMT in grass Brachypodium distachyon (BdALMT12), which is also a 

voltage dependent malate transporter, mediates stomatal closing via activation 

cooperatively by malate and Ca2+ /CaM instead of kinases (Luu et al. 2019). In summary, 

the ALMTs have varied transport activity in response to diverse regulatory factors within 

the same species, and homologues exist with high identity between different species. The 

family have been proven to be involved in multiple physiological processes in plants, in 

response to divergent signalling pathways (Sharma et al. 2016, Liu and Zhou 2018). 
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Figure 4. Phylogenetic analysis of ALMTs.  

The phylogenetic tree was established via multiple sequence alignment by MAFFT (EMBL-EBI) 

using protein sequence of ALMTs from varied plant species (Katoh and Standley 2013, McWilliam 

et al. 2013, Li et al. 2015). The family members are divided into 4 clades marked in different 

colours. Branch length indicates genetic change of the branch (substitution per site). At, 

Arabidopsis thaliana; Hv, Hordeum vulgare; Ta, Triticum aestivum; Zm, Zea mays; Os, Oryza 

sativa; Sl, Solanum lycopersicum; Bd, Brachypodium distachyon. 

 

Figure 5. Does GABA play a role in regulating opening and closing of stomatal through 

regulation of guard cell ALMTs? 

The model summarises key transport features of Arabidopsis ALMTs in Guard cells. Mal2-, malate; 

SO4
2-, sulphate; NO3

-, nitrate; Ca2+, calcium; Em, membrane potential; OST1, Open Stomata 1 

(SnrK2.6); CPK, Calcium-dependent protein kinases; MPK, mitogen-activated protein kinase; Pi, 
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protein phosphorylation. Black arrows indicate transport directions, while orange arrow indicates 

activation elements of the transporter.  

ABA signals in stomatal movement 

ABA is a phytohormone involved in many aspects of plant physiological process and stress 

responses. It is synthesised in the vasculature, as well as in the mesophyll cells and guard 

cells, and is a key part of signalling networks for stomatal regulation (Askari-Khorsgani et 

al. 2018, Chen et al. 2020). Sub-cellularly, ABA is synthesized from its chloroplast derived 

precursor xanthoxin and catabolised to either ABA glucosyl ester (ABA-GE)  or 

dihydrophaseic acid (DPA) in the cytosol (Xiong and Zhu 2003, Zhou et al. 2004). ABA 

production is regulated by developmental and environmental cues (Xiong and Zhu 2003, 

Ma et al. 2018), and thereby governs ABA signalling in plants (Sehgal et al. 2018, Kumar 

et al. 2019). The well-defined ABA signalling pathway, the core signalling pathway, is 

constituted by Pyrabactin Resistance/Pyrabactin Resistance‐Like/Regulatory Components 

of The ABA Receptor (PYR/PYL/RCAR), type 2C protein phosphatases (PP2Cs) and class 

III SNF-1-related protein kinase (SnRKs) (Soon et al. 2012, Duarte et al. 2019). When ABA 

concentration is low, PP2C inhibits target protein activity directly or indirectly through 

inhibiting kinase activity of SnRKs (Fernando and Schroeder 2016). When a stimulus 

occurs, such as drought and dark, cytosolic ABA concentration increases and is recognised 

by PYR/PYL/RCAR, which enhances the interaction of PYLs and PP2C to relieve inhibition 

of SnRKs (Soon et al. 2012). The kinases then trigger downstream signal transduction of 

ABA depend signalling (Zhang et al. 2019). For instance, OST1 (SnrK2.6) activates 

transport activity of SLAC1 and QUAC1 to induce stomatal closing (Eisenach et al. 2017, 

Hsu et al. 2021).  
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Figure 6. ABA core signalling in plant cells.  

ABA metabolism pathway was connected by blue arrows indicated at the top the graph. ABA, 

abscisic acid; ABA-GE, ABA glucosyl ester; DPA, dihydrophaseic acid; PYR/PYL/RCAR, 

Pyrabactin Resistance/ Pyrabactin Resistance ‐ Like/Regulatory Components of The ABA 

Receptor; PP2C, type 2C protein phosphatases; SnRK2, class III SNF-1-related protein kinase. 

K+, potassium imports by potassium channel protein (KAT1); M-, anions exports executed by 

transports, such as SLAC (slow anion channel) and QUAC (quick anion channel). 

Thesis outline/hypotheses generation 

As reviewed above, previous research has shown that ALMTs modulate a wide range of 

developmental and physiological processes (Sharma et al. 2016, Liu and Zhou 2018). 
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ALMTs can facilitate GABA transport and are also regulated by GABA. The anion 

transporters are proposed to act as a transducer of GABA signalling (Gilliham and Tyerman 

2016, Ramesh et al. 2017, Domingos et al. 2019). In this case, the loss-of-function mutants 

of ALMT(s) may phenocopy knockout mutants associated with impairment in GABA 

signalling (for instance, gad(s) mutant(s)). Further study of gain- and/or loss-of-function 

mutants of ALMTs is a prospective way to uncover roles of GABA signalling in plants. As 

GABA metabolism may affect stomatal regulation (Mekonnen et al. 2016), and ALMTs are 

a key transport family involved in regulating stomatal movement, the role of GABA 

regulation of ALMT in stomata appears to be a perfect test case for studying whether GABA 

is truly a signal in plants.   

The most predominant GAD paralogues of Arabidopsis are GAD1 and GAD2. Single 

mutants of GAD1, with reduced GABA concentrations in roots, had no visible phenotype 

(Bouché et al. 2004). Whereas mutation of both GAD1 and GAD2 result in enlarged 

stomatal apertures (Bouché et al. 2004, Mekonnen et al. 2016). In ABA deficient mutants 

and salinity-stressed wildtype Arabidopsis plants, only GAD4 expression was induced 

(Urano et al. 2009, Zarei et al. 2017). Thus, further questions should be addressed:  

1) Is GABA accumulation linked to stomatal regulation? Explored in chapter II 

2) Does the disruption of guard-cell ALMT(s) perturb stomatal sensitivity to GABA? 

Explored in chapter II and III. 

3) Do GADs other than the major GAD1 and 2 contribute to GABA signalling, and how?  

Explored in chapters IV and V. 



Chapter II GABA signalling modulates stomatal opening to 

enhance plant water use efficiency and drought resilience 

Brief introduction  

A signalling role for GABA in plants has long been speculated, but evidence was lacking in 

planta. Recently, members of ALMT family specific were found to have their anion transport 

negatively regulated by GABA and be a facilitator of GABA transport (Ramesh et al. 2015, 

Ramesh et al. 2018). Two ALMT family members, ALMT9 and ALMT12, have been shown 

to modulate stomatal opening and closing, respectively in Arabidopsis  (Meyer et al. 2010, 

De Angeli et al. 2013b). Furthermore, deficiency in GABA synthesis in leaves was linked to 

more open stomatal pores of Arabidopsis (Mekonnen et al. 2016). Here, we investigate the 

hypothesis that GABA is a signal in plants by the use of guard cells as an assay system. 

This allows the examination of the effects of GABA (both exogenous and endogenous) on 

stomatal guard cell movement, and the manipulation of ALMT9 and ALMT12. The results 

of this work were accepted by Nature Communications in March 2021.  
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Brief discussion  

The data presented in this publication demonstrate that GABA is a signalling molecule in 

plants through revealing a role in modulating stomatal pore movement in response to 

stimuli, including ABA, light, and drought. Furthermore, it was unveiled that the important 

role of GABA in improving plant acclimation to drought stress was enacted through a 

genetic interaction with ALMT9, and that guard cell derived GABA synthesis is required in 

such process. As such it corroborated the role of ALMT in transducing GABA signals in 

plants.  

This work raises several questions:  

1. It was shown that GABA negatively regulates ALMT9 to reduce stomatal opening, 

but how does the release of the GABA-ALMT9 interaction through mutation of the 

putative GABA-binding site in ALMT9 lead to a similar stomatal phenotype as 

gad2?  

2. What is the scenario for the GABA-ALMT12 interaction, does this alter stomatal 

closure? 

3.  GABA deficiency appears positively correlated with more open stomata; however, 

this has been examined so far in only single (gad2) and double (gad1/gad2) 

mutants (Mekonnen et al. 2016, Xu et al. 2021). There are 5 homologues of GAD 

identified in Arabidopsis, do they also contribute to the modulation of stomatal 

movement? 

4. Exogenous GABA impaired ABA induced stomatal closure on epidermal strips. 

Does GABA deficiency lead to altered ABA sensitivity in intact leaves? How does 

GABA interact with ABA to modulate stomatal regulation? 

In the following chapter I will conduct experiments to further examine the role of the ALMT9-

GABA interaction in stomatal opening and build resources to address the question for 
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ALMT12, to answer question 1 and 2. And then concentrate on question 3 and 4 in Chapter 

IV and V, respectively.  



Chapter III ALMT9-mediated GABA inhibition of light induced 

stomatal opening: a focused study 

Introduction  

Stomatal guard cell movement, which results in the opening and closing of the stomatal 

pore, is driven by change in guard cell osmolarity (Sussmilch et al. 2019). Guard cell ALMTs 

are involved in both stomatal opening and closing processes (Meyer et al. 2010, Meyer et 

al. 2011, De Angeli et al. 2013b, Zhang 2014, Eisenach et al. 2017). Ablation of ALMT9 

function impairs light induced stomatal opening; whilst ablation of ALMT12 reduced dark 

induced stomatal closure (Meyer et al. 2010, De Angeli et al. 2013b). Light dependent 

changes in stomatal pore aperture is antagonized by exogenous application of GABA (Xu 

et al. 2021). Xu et al (2021) showed that both ALMT12 and ALMT9 are potentially targeted 

by GABA during stomatal regulation, as outlined in Chapter II.  

A 12 amino-acid residue motif within plant ALMTs, that shares homology with the GABA 

binding motif from mammalian ionotropic GABAA receptors, contributes to GABA sensitivity 

(Ramesh et al. 2015, Ramesh et al. 2018, Long et al. 2020). Expression of site-directed 

mutants of ALMTs within this motif, mutations of the first and/or second aromatic amino 

acid residues to a cysteine, resulted in the lack of negative regulation of anion transport by 

and of GABA by ALMTs when assayed in Xenopus laevis oocytes (Ramesh et al. 2015, 

Ramesh et al. 2018, Long et al. 2020). Here, we attempt to corroborate whether mutation 

of this motif results in a functional ion transport protein that lacks GABA sensitivity. This 

was achieved by comparing the GABA sensitivity of plants expressing the putative GABA-

insensitive ALMTs with those expressing the standard unmutated ALMT. We perform these 

studies in planta to provide data on GABA regulation of ALMT within the native environment 
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to give it a physiological context, specifically in the regulation of stomata pore aperture and 

stomatal conductance. In this chapter, such an attempt was made for ALMT9. Physiological 

experiments focused on almt9-2/35S::ALMT9 and almt9-2/35S::ALMT9F243CY245C. Note, the 

data contained within this chapter on ALMT9 are foundational to, and extend upon, those 

shown in Chapter II.  

Results 

Complementation assays of almt9 mutant lines by 35S::ALMT9 and 

35S::ALMT9F243CY245C  

To construct complementation lines via floral dip mediated transformation, the almt9 mutant 

lines were firstly genotyped and found to be a homozygous knockout lines (Fig. 1). The 

pART27 vector carries the neomycin phosphotransferase II (nptII) gene, which confers 

transformed plants resistance to kanamycin (Gleave 1992). almt9-1 (SALK_055490) is 

from the SALK seed collection, which harbour T-DNA insertional mutations using the pBIN-

pROK2 vector with kanamycin resistance (Fig. 1A) (Alonso et al. 2003). Another allele, 

almt9-2 (WiscDsLox499H09) was generated using the T-DNA vector pDs-Lox, conferring 

plants with BASTA and hygromycin resistance (Fig. 1A) (Woody et al. 2007). Despite the 

common resistance to kanamycin of almt9-1 and pART27-nptII, this was used in addition 

to almt9-2, given that the transgenic lines harbouring a GFP tag could conceivably be 

selected via fluorescence. The use of fluorescence as a screening tool for the transgenic 

lines was confirmed, but for an unknown reason the fluorescence in almt9-1 lines selected 

was weak comparing to the autofluorescence background and more diffuse observed 
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under confocal microscope (Suppl. Fig. 3A and Suppl. Fig. 4A), which led to higher false 

detection rate when confirmed by genotyping using PCR (Suppl. Fig. 3B). Therefore, 

homozygous transgenic lines of only almt9-2 were progressed further for phenotyping 

experiments (Suppl. Fig. 4).  

 

Figure 1. Confirmation of ALMT9 T-DNA insertion in almt9 mutants.  

A. Schematic of ALMT9 gene and insertion sites of the almt9-1 and almt9-2. The putative GABA-

binding motif is marked in red. Primers were designed to flank both the insertion site and the 

putative GABA-binding motif to genotype complementation lines. B. Genotyping result on agarose 

gel. almt9 mutant lines are genotyped using primers (ALMT9 gene specific primers P 1-4, and 

insertion sequence border primers, BP 1-2). Both WT and corresponding wild types of mutant lines 

were used as control. 
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Stomatal conductance of almt9-2/35S::ALMT9 and almt9-

2/35S::ALMT9F243CY245C 

For physiological experiments, WT-like-2 were used, which is an out-crossed wild type like 

line whilst screening for homozygous almt9-2 plants (i.e. does not contain the T-DNA 

insertion) (De Angeli et al. 2013b). This makes a more suitable control than the WT 

genotype as the ancestral line went through the transformation process. Expression of 

ALMT9 in homozygous transgenic lines were checked by both reverse-transcriptional PCR 

(RT-PCR) (Fig. 2A) and quantitative real-time PCR (qPCR) (Fig. 2B). Expression of ALMT9 

and ALMT9F243CY245C were detected from cDNA of corresponding complemented lines (Fig. 

2A). This was also confirmed in qPCR, where expression level of ALMT9 and 

ALMT9F243CY245C in complemented lines were significantly higher than that of almt9-2 (Fig. 

2B). The result of both analyses indicated ALMT9 and ALMT9F243CY245C had been 

successfully restored into transgenic lines. 

For physiological experiments, initially, stomatal conductance of almt9-2/35S::ALMT9 and 

almt9-2/35S::ALMT9F243CY245C were measured comparing to that of WT-like-2 and almt9-2 

(Fig. 3). The data were collected at two separate times, either 2.5 hr after the start of the 

light period (Fig. 3A), or after 5 hr (Fig. 3B). This was selected as being either ¼ or ½ into 

the light period, given the role of ALMT9 in light induced stomatal opening and the potential 

influence of circadian rhythms on stomatal movement (Dodd et al. 2004, De Angeli et al. 

2013b). The result showed that at the earlier stage of light period, stomatal conductance 

was similar across all plant lines except for almt9-2, which had significantly lower stomatal 

conductance than the control WT-like-2 (Fig. 3A). At the middle of the light period, where 
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stomatal conductance is likely to be at its peak and have reached steady state, almt9-2 had 

a similar level of stomatal conductance to that of WT-like-2 and almt9-2/35S:ALMT9 lines 

(Fig. 3B). Meanwhile, both lines of almt9-2/35S::ALMT9F243CY245C showed significantly 

higher stomatal conductance than that of the rest of genotypes (Fig. 3B).   
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Figure 2. Expression of ALMT9 / ALMT9F243CY245C in the almt9-2 background.  

A. Semi-qPCR of ALMT9 expression in WT, almt9-2/35S::ALMT9 and almt9-

2/35S::ALMT9F243CY245C. 25-cycles were used for each cDNA sample. Actin2 (AT3G18780) was 

used as an internal control. B. qPCR analysis of ALMT9 expression in WT, almt9-2/35S::ALMT9 

and almt9-2/35S::ALMT9F243CY245C using primers (P5-P6) in Fig. 1A. Expression level was 

normalised to that of Actin2 (AT3G18780). Hashtag numbers indicates T4 plants originated from 

varied T1 plants. Asterisks represent statistical significance comparing expression of ALMT9 in all 

genotypes comparing to that of almt9-2 after one-way ANOVA analysis. F (5, 12) = 4.245, 

p=0.0187, 2= 0.2119 (p<0.05 *, p<0.01 **, n=3). 
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Figure 3. Stomatal conductance of almt9-2 and complementation lines expressing ALMT9 

and ALMT9F243CY245C.  

A. Stomatal conductance of almt9-2/35S::ALMT9 and almt9-2/35S::ALMT9F243CY245C measured 2.5 

hr after the light is on, n=12 for WT-2, n=12 for almt9-2, n=14 for almt9-2/35S::ALMT9 #1, n=12 

for almt9-2/35S::ALMT9 #2, n=12 for almt9-2/35S::ALMT9F243CY245C #1, n=13 for almt9-

2/35S::ALMT9F243CY245C #2. The top panel indicated the time where stomatal conductance was 

measured (A- 2.5 hr) B. Stomatal conductance of almt9-2/35S::ALMT9 and almt9-2/35S::ALMT9 

F243CY245C measured 5 hr after the light is on, n = 12 for WT-like 2, almt9-2/ALMT9 #2 and almt9-

2/F243C/Y245C #1, n = 13 for almt9-2, almt9-2/ALMT9 #1 and almt9-2/F243C/Y245C #2, n = 27 

for gad2-1. For each genotype, 4-5 biological replicate plants were measured. Asterisks represent 

statistical significance comparing between genotypes after one-way ANOVA. Light induced 

stomatal movement in epidermal peels of the complementation plants. Note: Figure 6B is 

presented as Fig 9 in Chapter II (Xu et al. 2021).  

Stomatal aperture of almt9-2/35S::ALMT9 and almt9-

2/35S::ALMT9F243CY245C in response to light induced stomatal opening 

The result above suggests that mutation of the putative GABA binding site within ALMT9 

led to an eventual increased stomatal conductance, phenocopying gad2 (Fig 3B; also 

presented by Xu et al. 2021). Further experiments were conducted with epidermal strip 

assays on Wildtype-like-2, almt9-2, almt9-2/35S::ALMT9 and almt9-

2/35S::ALMT9F243CY245C with half an hour of pre-treatment with 2 mM GABA and 1.5 hr light 

exposure (also presented as Figure 8a in Xu et al., 2021). Different batches of experiments 

were conducted, and the data were combined to analyse consistent differences between 

genotypes (Suppl. Fig. 7B, C). Both the combined data by absolute stomatal aperture (Fig. 
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4) and by normalised stomatal aperture to that of WT under control condition (Suppl. Fig. 

7A) indicate consistent results. Only WT-like-2 and 35S::ALMT9 showed GABA inhibition 

of light-induced stomatal opening, whereas almt9-2 and the 35S::ALMT9F243CY245C showed 

insensitivity to such effect of GABA (Fig. 4A). Following the dark-to-light transition both the 

WT-like-2 (25.3% reduction) and the native ALMT9 complemented lines (11% reduction in 

#1, 19.8% reduction in #2) had significantly reduced stomatal aperture following a 2 mM 

GABA treatment, unlike almt9-2 and the 35S::ALMT9F243CY245C (Fig. 4A, B).  
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Figure 4. Stomatal response of almt9-2 and complementation lines expressing ALMT9 and 

ALMT9F243CY245C.  

A. Stomatal aperture of plants in response to GABA inhibited stomatal opening. B. Relative change 

of stomata of plants in response to GABA inhibited stomatal opening. In control group, n = 189 for 

WT-like2, n = 197 for almt9-2, n = 213 for almt9-2/35S::ALMT9 #1, n = 219 for almt9-

2/35sS::ALMT9 #1, n = 195 for almt9-2/35S::ALMT9F243CY245C #1, n = 221 for almt9-

2/35S::ALMT9F243CY245C #2; In GABA treated group, n = 195 for WT-like2, n = 153 for almt9-2, n = 

178 for almt9-2/35S::ALMT9 #1, n = 127 for almt9-2/35S::ALMT9 #1, n = 115 for almt9-

2/35S::ALMT9F243CY245C #1, n = 109 for almt9-2/35S::ALMT9F243CY245C #2. Asterisks represent 

statistical significance comparing influence of GABA on single genotypes after one-way ANOVA 

(indicated on top of plots). p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Exploring the role of GABA in light induced stomatal opening in WT and 

almt9-2 

It was noticed that with a 1.5 hr light exposure, which is half an hour less than what was 

used as standard in Chapter II (Xu et al. 2021), GABA occasionally exert inhibit effect on 

almt9-2 in light induced stomatal opening (Suppl. Fig. 7B-C). Given that the time which the 

epidermis is exposed to light can influence the extent of stomatal opening (Shimono et al. 

2016), it was explored whether there was time dependency in the GABA effect on WT and 

almt9-2 stomatal pore opening induced by light in epidermal strip assays (Fig. 5). The result 

showed that under sustained light exposure, both WT and almt9-2 had increased stomatal 

aperture regardless of whether GABA was applied (Fig. 5A, Suppl. Tab. 2). This suggests 

a positive correlation between time and stomatal aperture. At 5 of the 7 timepoints GABA 

significantly inhibited stomatal opening in WT plants, whereas GABA inhibition of stomatal 
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opening was completely absent in almt9-2 plants (Fig. 5B). Furthermore, during the 

extended light exposure, the extent of opening of almt9-2 with or without GABA is 

equivalent to WT with GABA (Fig. 5B). This therefore did not back up the occasional 

observation made in Suppl. Fig 7B-C about GABA inhibiting stomatal opening of almt9-2. 

This is possibly due to the limit of resolution of epidermal strip assay in such condition or 

the skewed data distribution caused by sampling during microscopy of the epidermis. 
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Figure 5. Time-course of stomatal opening of WT and almt9-2.  

A. Timecourse record of stomatal opening with or without 2 mM GABA treatment. Symbols indicate 

mean ± SE. B. Details of stomata aperture width measured with or without GABA under each time 

point as indicated. The figure shows a 4.5-hr timecourse record of stomatal aperture in response 
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to light with or without 2 mM GABA. For 1 hr light exposure, n = 101 for WT_Control, n = 97 for 

WT_2 mM GABA, n = 112 for almt9-2_Control, n = 86 for almt9-2_2 mM GABA; For 1.5 hr light 

exposure, n = 79 for WT_Control, n = 101 for WT_2 mM GABA, n = 82 for almt9-2_Control, n = 90 

for almt9-2_2 mM GABA; For 2 hr light exposure, n = 78 for WT_Control, n = 73 for WT_2 mM 

GABA, n = 100 for almt9-2_Control, n = 100 for almt9-2_2 mM GABA; For 2.5 hr light exposure, n 

= 98 for WT_Control, n = 98 for WT_2 mM GABA, n = 95 for almt9-2_Control, n = 97 for almt9-2_2 

mM GABA; For 3 hr light exposure, n = 111 for WT_Control, n = 109 for WT_2 mM GABA, n = 118 

for almt9-2_Control, n = 118 for almt9-2_2 mM GABA; For 3.5 hr light exposure, n = 117 for 

WT_Control, n = 99 for WT_2 mM GABA, n = 98 for almt9-2_Control, n = 102 for almt9-2_2 mM 

GABA; For 4.5 hr light exposure, n = 101 for WT_Control, n = 97 for WT_2 mM GABA, n = 87 for 

almt9-2_Control, n = 113 for almt9-2_2 mM GABA. Asterisks represent statistical significance 

comparing influence of GABA on either WT or almt9-2 at single time point after one-way ANOVA, 

F (2, 15) = 22.02, p < 0.0001 for GABA concentration analysis; F (2, 15) = 10.07, p = 0.0017 for 

Glu concentration analysis. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Discussion 

Mutagenesis of putative GABA interaction site of ALMT9 abolished 

GABA inhibition of stomatal opening 

As a major agent of anion sequestration across the tonoplast membrane of guard cells, the 

loss of ALMT9 results in impaired stomatal opening (De Angeli et al. 2013b). As presented 

here and in Chapter II, 2 mM GABA inhibited light induced stomatal opening, which was 

abolished if ALMT9 was ablated (Fig. 4, 5, Suppl. Fig. 7). Furthermore, GABA treatment of 

WT plants resulted in equivalent stomatal apertures to those in almt9-2 plants after 4.5 hr 
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(Fig. 4), which is consistent with the GABA inhibitory effect targeting ALMT9 as a major 

anion sequestration pathway in the vacuole controlling stomatal opening. Since the 

mutation of the putative GABA binding site impaired the GABA sensitivity of anion transport 

(and GABA transport capacity) of TaALMT1 rather than anion transport per se we 

hypothesised that this would be the case for ALMT9 (Ramesh et al. 2015, Long et al. 2020). 

This appears to be the case as mutation of the putative GABA binding domain 

(35S::ALMT9F243CY25C) resulted in stomatal conductance that was higher than that of 

35S::ALMT9 and WT at steady state, and equivalent to that of gad2 (Fig. 3B). Perturbed 

GABA sensitivity of ALMT9 activity, or absence of GABA leading to similar stomatal 

conductance suggests that ALMT9 is the major target of GABA modulating stomatal 

opening.     

Epidermal peel assays on the complemented lines broadly backup this model, where a 

mutation in the putative GABA-binding motif disrupts GABA mediated ALMT9 transport 

activity, since 35S::ALMT9, but not 35S::ALMT9F243CY25C, recovered almt9-2 stomatal 

opening sensitivity to GABA (Fig. 4, Suppl. Fig. 7). However, with 1.5 hr of light exposure, 

enlarged stomata of almt9-2/35S::ALMT9F243CY25C was not observed in the epidermal strip 

assay (Fig. 4A; Suppl. Fig. 7B-C). This is similar to the situation where stomatal 

conductance of the almt9-2/35S::ALMT9F243CY25C was similar to that of other genotypes 

before it reached the steady state (Fig. 3A). Stomatal aperture is positively corelated to 

duration of light exposure (Fig. 5A) (Shimono et al. 2016), and as confirmed later with 

extended time in exposure to light, the almt9-2/35S::ALMT9F243CY25C did show enlarged 

stomatal aperture (Chapter II, Supplementary Figure 17j). The role of GABA in regulating 

stomatal opening via a GABA-ALMT9 interaction thereby is corroborated in this chapter. 

Drought experiment on WT, almt9-2, 35S::ALMT9 and 35S::ALMT9F243CY25C was also 
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attempted to see whether higher steady state conductance in 35S::ALMT9F243CY25C could 

lead to increased drought sensitivity, as occurs in gad2. However, our results failed to 

replicate the drought insensitive phenotype of almt9-2 (De Angeli et al. 2013b), and all 

genotypes had similar relative water content during the process (Suppl. Fig. 8). Thus, 

repeat experiments should be conducted in future to optimise conditions so we can obtain 

the baseline for the experiment i.e. almt9 improved resistance to drought, and therefore be 

able to study the influence of the GABA-ALMT9 interaction on drought adaptation of plants. 

Due to time limitations, further experiments on guard cells specific complemented plants of 

ALMT12 are pending, with plants only generated at the T0 generation of complemented 

lines, but not phenotyped. The filial materials are now available for screening for 

homozygousity to explore the role of the GABA-ALMT12 interaction in stomatal closing at 

a later date. 

Materials and Methods 

Gene cloning  

ALMT12 native CDS was first constructed into the pCR8 vector (pCR8/GW/TOPO TA 

Cloning Kit - Thermo Fisher Scientific). Site directed mutation was conducted on pCR8-

ALMT12 with Phusion High-Fidelity DNA Polymerase (NEB) for pCR8-ALMT12L205CY207C. 

The entry clone constructions were then recombined into binary vectors driven by guard 

cells specific promoter pGC1. Subsequently, the coding sequences were cloned into binary 

vector pMDC32-pGC1 with Gateway LR Clonase II Enzyme mix (Invitrogen). For each 

construction, the PCR products using vector specific and target gene specific primers were 
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checked by electrophoresis on a 1% (w/v) agarose gel, and then purified using the illustra 

GFX PCR DNA and Gel Band Purification Kit (GE Healthcare). The plasmid carries 

bacterial kanamycin resistance gene. Positive construction was selected on LB medium 

containing 25 µg/mL kanamycin, and was stored and enriched in E. coli competent cells 

(Chung et al. 1989). The pAR27-35S::ALMT9-GFP, pAR27-35S::ALMT9F243CY245C-GFP 

constructs were available at the beginning of my projects (B. Xu, University of Adelaide). 

The plasmids were selected and enriched with LB medium containing 50 µg/mL 

spectinomycin. Positive constructions of pAR27-35S::ALMT9-GFP, pAR27-

35S::ALMT9F243CY245C-GFP, pMDC32-proGC1::ALMT12 and pMDC32-

proGC1::ALMT12L205CY207C were checked by Sanger sequencing after transformation into 

Agrobacterium strain AGL1 (Höfgen and Willmitzer 1988). 

Plant materials and growth condition 

The Arabidopsis wildtype used in this study was ecotype Columbia-0 (Col-0) unless 

otherwise specified. The single mutant almt9-1 (SALK_055490), almt9-2 

(WiscDsLox499H09) are previously described (De Angeli et al. 2013b, Baetz et al. 2016). 

Mutant lines of ALMT12 were JIC mutation lines, which carries a single defective Spm 

(dSpm) transposon element as a stable insertion in the genome (Meyer et al. 2010). All 

mutants used in this study were homozygous, confirmed by PCR using a pair of gene 

specific primers and the T-DNA insertion border primer. Details of primers are listed in 

Supplementary Table 1. 

For the almt9-2/35S::ALMT9-GFP and almt9-2/35S::ALMT9F243CY245C-GFP, these were 

constructed by Agrobacterium tumefaciens mediated floral dipping assay (Harrison et al. 
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2006, Zhang et al. 2006). Seeds of transgenic plants (T0) and subsequent filial generations 

were then selected by resistance to kanamycin (Kanamycin Monosulphate, Melford 

Laboratories Ltd.) (Harrison et al. 2006). In brief, seeds were harvested in 2 mL tubes and 

mixed with silica gel beads (Silica gel orange, Sigma) in a ratio of 1:1. The tube was then 

sealed with a cotton ball and placed on the bench at room temperature for 10-14 days. 

Subsequently, the seeds were sterilised with 0.5% (m/v) sodium hypochlorite and 0.01% 

(v/v)triton-x solution for 10-15 min and washed with sterilised pure water (by Milli Q Plus 

185 Water Purification System) 5-6 times, before being placed on half-MS medium 

containing 50 μg/mL kanamycin in a petri dish (Murashige and Skoog medium, Duchefa-

Biochemie; 1% Sucrose, Chem-supply; 0.8% Phytagel, Sigma Aldrich). The seeds were 

then stratified at 4°C under dark for 2 days, and then placed horizontally under the light for 

6 hr, covered under dark for 2 days and exposed to light again for 1 day. The seedlings 

that had a greener appearance were transferred to soil and covered with cling wrap to 

maintain high humidity for 5-7 days. After that, the cling wrap was removed and the plants 

(T1 generation) were kept under long-day conditions (16-hr light/ 8-hr dark, 22 °C, 60-70 

% relative air humidity) for seed harvesting (Rivero et al. 2014).  The kanamycin selected 

plants were double confirmed by genotyping using PCR with primers indicated in Fig. 1A 

and Suppl. Table 1 (Lu 2011). For each genotype, around 20 plants were kept for seeds 

harvesting. The filial T2 generation was then selected with the same method on ½ MS 

medium containing 50 μg/mL kanamycin. Around 100 seeds of each genotype were 

selected on the medium and those with kanamycin resistance were kept for seeds 

harvesting. Finally, the T3 generation was screened by the same method and only that the 

ones showed 100% resistance were kept. And the T4 generation, the homozygous lines, 

were used for phenotyping experiments. The transgenic plants (4-day-old) were observed 
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under Olympus Fluorescence Microscope and screened to check the fluorescence emitted 

from the GFP tag.  

For phenotyping experiments, all materials for were sown on half-MS medium and stratified 

at 4°C for 4 days, and then grew in short-day condition unless otherwise specified (100- 

150 μmol ·m-2·s- ,10-hr light/ 14-hr dark, 22 °C, 60-70 % relative air humidity).  

Quantitative PCR 

For qPCR, total RNA samples were extracted from rosette leaves of 5-week-old plants 

using TRIzol Reagent (TRIzol RNA Isolation Reagents, Invitrogen) and purified with DNase 

(TURB DNase, Invitrogen). cDNA was synthesized with SuperScript III Reverse 

Transcriptase (Invitrogen) from 1µg mRNA. Real time qPCR was performed with KAPA 

SYBR® FAST qPCR Kit (Roche) in QuantStudio 12 Flex Real-Time PCR System (Thermo 

Fisher Scientific) with cDNA synthesized from 1ug mRNA. Each experiment was repeated 

containing 3 biological replicate plants with 3 technical replicates.  

Semi-quantitative PCR  

Semi-qPCR was conducted with PCR reaction on cDNA from plants as indicated. The PCR 

system used in this study is KAPA2G Fast HotStart ReadyMix. 50  dilution of cDNA was 

made from 1 µg RNA then used in the PCR reaction. The products were then checked with 

electrophoresis after 25 cycles of PCR. 
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Stomatal pore assay 

For stomatal aperture measurement, epidermal strips were peeled from the abaxial side of 

mature leaves of 4-6 week-old plants. The peels were then submerged in KCl-MES buffer 

(10 mM MES, 10 mM KCl, 5 mM Malate, pH 6.0 by Tris base) (Xu et al. 2021), with or 

without 2 mM GABA, under light (200 μmol photons m-2 s-1) or in the dark. Stomatal status 

was captured under Zeiss Axiophot Fluorescence Phase Microscope, and then measured 

by ImageJ. 3 biological replicate plants, 2 leaves of each, were used in each experiment. 

Stomatal conductance was measured with AP4 Leaf Porometer (Delta-T) on 4 leaves of 

each plant from 5 biological replicate plants.  

Drought treatment 

Drought assays was performed as in Chapter 2. 4-5 weeks old plants were grown in short-

day conditions (100- 150 μmol photons m-2 s-1,10-hr light/ 14-hr dark, 22 °C, 40-60 % RH), 

in equally weighed out soils containing 1:1 ratio Irish Peat and coco peat. The soil water 

content was saturated at Day-0 before withdrawing water. Leaves ware harvested and 

weighed for fresh weight, turgid weight and dry weight during the drought process. Water 

content and relative water content (RWC) was then calculated by the equation below. 

RWC =
Fresh Weight − Dry Weight

Turgid Weight − Dry Weighta
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Construction of almt12/proGC1:: ALMT12, almt12/GC1:: ALMT 

12L203CY205C, almt9-2/ 35S::ALMT9 and almt9-2/ 35S:: ALMT9F243CY245C 

Protein sequences of Arabidopsis ALMTs family members were aligned to that of wheat 

TaALMT1 to identify the putative GABA binding motif in ALMT9 and ALMT12 and for the 

location of the first two aromatic amino acids in this motif (Ramesh et al. 2015). Putative 

GABA binding motif was located at residues 243-254 in ALMT9 and residues 205-216 in 

ALMT12 (Suppl. Fig. 1, 2A).  For ALMT9, pART27-35S::ALMT9 (native ALMT9 coding 

sequence) was used as template for site-directed mutagenesis to construct pART27-

35S::ALMT9F243CY245C (De Angeli et al. 2013a) (Chapter II) (Suppl. Fig. 2B). The plasmid 

construction was checked by Sanger sequencing (Suppl. Fig. 2C). With the same method, 

primers were designed for the cloning of ALMT12L205CY207C, using the GATEWAY entry 

vector pCR8 carrying ALMT12 as a template (Suppl. Tab. 1, Suppl. Fig. 6A). Since ALMT12 

is mainly expressed in guard cells, both the native and mutated fragments were cloned into 

binary vectors driven by the guard cell specific promoter GC1 (At1g22690, −1140/+23 

relative to the transcriptional start site, size of 1163 bp) (Yang et al. 2008, Meyer et al. 

2010) (Suppl. Fig. 5A). The binary vector construction was then transformed into E. coli 

competent cells and checked by colony PCR (Suppl. Fig. 6B). Final plasmid constructions 

were checked by Sanger sequencing (Suppl. Fig. 6C).  

Statistical analysis 

Statistical analysis was conducted in GraphPad Prizm. One-way ANOVA was applied when 

comparing the influence of one factor. For datasets with multiple groups, homogeneity and 
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normal distribution of data in each group were checked. Afterwards, the dataset was tested 

by ANOVA to test if there was significant difference between groups. Then multiple 

comparisons were conducted after Tukey post-hoc tests. Asterisks represent statistical 

significance. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Different letters indicate 

significant difference if p < 0.05. 
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Supplementary materials  

Supplementary Table 1. Primers used in this Chapter. 

Primer names Primer sequence: 5’- 3’ Purpose of using 

alnt9-1-LP TGGTGGATCTGAATCTTCGAG almt9-1 genotyping 

alnt9-1-RP GTTCCGGGTTTTCTTGCTTAC almt9-1 genotyping 

BP ATTTTGCCGATTTCGGAAC almt9-1 genotyping 

alnt9-2-LP CGTGGATGAACAAAACATGTG almt9-2 genotyping 

alnt9-2-RP AGAGAGTGGGCGTAGAAGGAG almt9-2 genotyping 

almt9-2-BP AACGTCCGCAATGTGTTATTAAGTTGTC almt9-2 genotyping 

ALMT9-qPCR_F ACCTAATCCGGATCTTAGTCGATACT ALMT9 qPCR 

ALMT9-qPCR_R TCACCGAATAAAGTGGAAAGCTCAG ALMT9 qPCR 

actin2_F TGGAATCCACGAGACAACCTA qPCR reference gene 

actin2_R TTCTGTGAACGATTCCTGGAC qPCR reference gene 

ALMT9-F ATGGCGGCGAAGCAAG ALMT9 Gateway Cloning 

ALMT9-R CATCCCAAAACACCTACGAATCTTC ALMT9 Gateway Cloning 

ALMT9-nonter-R CCCAAAACACCTACGAATCTTC ALMT9 Gateway Cloning 

KpnI-ALMT9-F GGGGTACCATGGCGGCGAAGCAAGGTT 
pART27/ 35S:: ALMT9F243C 
Cloning 

KpnI-ALMT9-R 
ACGGTACCCATCCCAAAACACCTACGAA
T 

pART27/ 35S:: ALMT9F243C 
Cloning 

atalmt12-1_F GTTGTGCAAAGGGCTTAATAGAG almt12-1 genotyping 

atalmt12-1_R CAAGAAGGCTCATGAAAAGACAG almt12-1 genotyping 

atalmt12-2_F ACAAGACCACCGTTGGTAAACTC almt12-1 genotyping 

atalmt12-2_R CTCCGGCTAATCTTACACAAGG almt12-1 genotyping 

Spm32 TACGAATAAGAGCGTCCATTTTAGAGT almt12 genotyping 

ALMT12-L205C_F CTGTCTTTTCATGAGCCTTTGTGTT Site-directed mutation of ALMT12 

ALMT12-L205C_R CCAGACCAAATAGGAAAAACACAAAGG Site-directed mutation of ALMT12 

ALMT12-Y207C_F GAGCCTTCTTGTTTGTCCTATTTGGTC Site-directed mutation of ALMT12 

ALMT12_Y07C_R CTTCACCAGACCAAATAGGACAAACAA Site-directed mutation of ALMT12 

ALMT12-L205CF207C_F 
GGAATCTGTCTTTTCATGAGCCTTTGTG
TTTGTCC 

Site-directed mutation of ALMT12 

ALMT12-L205CF207C_R 
GATCTTCACCAGACCAAATAGGACAAAC
ACAAAGG 

Site-directed mutation of ALMT12 
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Supplementary Table 2. Statistical summary of data shown in Fig. 5.  

The table summarized the statistical analysis of the time-lapse data comparing stomatal aperture 

of single genotypes between a light exposure duration of 1hr and 4.5 hr.  

Time/ hr 
GABA 
/mM 

Genotype n Mean/ µm SD t-test P 

1 0 WT 101 1.41 0.61 
-3.64 3.45E-04 

4.5 0 WT 101 1.74 0.68 

1 2 WT 97 0.9 0.42 
-6.93 7.86E-11 

4.5 2 WT 97 1.42 0.6 

1 0 almt9-2 112 0.85 0.59 
-5.18 5.96E-07 

4.5 0 almt9-2 87 1.31 0.64 

1 2 almt9-2 86 0.78 0.53 
-5.68 2.05E-08 

4.5 2 almt9-2 113 1.24 0.58 
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Supplementary Figure 1. Protein sequence alignment of ALMT9 and ALMT9F243CY245C  

Protein sequence alignment of ALMT9 and ALMT9F243CY245C (A) and ALMT12 and 

ALMT12L205C/F207C (B). Dots indicate identical amino acid residues. The mutation sites are marked 

in red. 
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Supplementary Figure 2. Putative GABA binding motif of Arabidopsis ALMTs.  

A. Sequence alignment of Arabidopsis ALMTs to TaALMT1 to identify putative GABA-binding 

motif. The top panel indicates the identity level of each amino acid locus. Grey scale of the 

background indicated extent of conservatism of the single amino acid residue. ALMT11 encodes 

a protein with 152-aa, where the putative GABA binding motif is absence. Grayscale of shading 

indicates score of conservation, where black represents the most conserved residues. B. 

Schematic of the T-DNA part of pART27-35S::ALMT9  illustrating vector construction. Mutation 

sites on the putative GABA binding motif are indicated on the top panel. Side-directed mutations 

are indicated in red, where the phenylalanine (F) and/or tyrosine (Y) were mutated into a cysteine 

(C). C. Identification of Agrobacterium harbouring the various target pART27-35S::ALMT9 

constructs. Agrobacterium used for floral dipping assays were identified through colony PCR; 

plasmid DNA were extracted for Sanger sequencing. 
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Supplementary Figure 3. Selection of complementation lines in the almt9-1 background.  

A. Confocal images of almt9-1/35S::ALMT9 and almt9-1/35S::ALMT9F243CY245C. GFP  fluorescence 

from GFP tag in transformed lines was detected and identified by green fluorescence. Red 

fluorescence was from autofluorescence of chloroplast. B. Genotyping of filial T2 plants of plants 

selected by fluorescence under confocal microscope. Genomic DNA was extracted from plants 

rosette leaves. Primer P1 and P4 in Fig. 1A were used for genotyping. The result indicates that 

line 2, 4, 5, 9, 11, 13 ,15 of almt9-1/ 35S::ALMT9 and line 9, 10 of almt9-1/ 35S::ALMT9F243CY245C 

are the positive transgenic lines. 
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Supplementary Figure 4. Selection of complementation lines in the almt9-2 background.  

A. Confocal images of almt9-2/35S::ALMT9 and almt9-2/35S::ALMT9F243CY245C showing GFP 

fluorescence in positive transformants. B. Genotyping of filial T2 generation of transgenic plants in 

A. Primer P2 and P4 in Fig.2A were used for genotyping. The result showed a low proportion of 

negative transformants (those with no and slightly larger size band, such as line 1-11 of almt9-2/ 

35S::ALMT9 from batch 1 and line 2-3 of almt9-2/35S::ALMT9F243CY245C from batch 2).  
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Supplementary Figure 5. Construction of pMDC32 vector carrying proGC1.  

A. Schematic of entry cloning of pMDC32-proGC1 construction. The backbone of the new vector 

was from another binary vector pMDC32-proKST1. CDS sequence of proGC1 was amplified from 

binary vector pMDC99-proGC1. The two parts was ligated together with T4 ligase. B. Digestion 

product of proGC1 and the backbone with HindIII and KpnI on electrophoresis gel. 
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Supplementary Figure 6. pMDC32-proGC1::ALMT12 construction.  

A. Schematic of GATEWAY cloning of ALMT12 from pCR8 entry vector to the binary vector 

pMDC32-proGC1. C. Colony PCR of pMDC32-proGC1::ALMT12 transformed E. coli and A. 

tumefaciens. Positive and negative signs indicate positive and negative colonies identified by PCR 

reaction. C. Sequencing result focusing on the GABA-binding motif coding region of pMDC32-

proGC1::ALMT12 and pMDC32-proGC1::ALMT12F243CY245C plasmid DNA. 
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Supplementary Figure 7. Stomatal aperture of the complementation lines.  

A. Relative stomatal aperture response of almt9-2/ 35S::ALMT9 and almt9-2/ 35S::ALMT9F243CY245C 

under dark to light condition with or without 0.5 hr pre-treatment of 2 mM GABA in the dark. B-C. 

Stomata aperture of result measured from different batch of experiments. In control group, n = 189 

for WT-like2, n = 197 for almt9-2, n = 213 for almt9-2/35S::ALMT9 #1, n = 219 for almt9-

2/35S::ALMT9 #1, n = 195 for almt9-2/35S::ALMT9F243CY245C #1, n = 221 for almt9-

2/35S::ALMT9F243CY245C #2; In GABA treated group, n = 195 for WT-like-2, n = 153 for almt9-2, n = 

178 for almt9-2/35S::ALMT9 #1, n = 127 for almt9-2/35S::ALMT9 #1, n = 115 for almt9-

2/35S::ALMT9F243CY245C #1, n = 109 for almt9-2/35S::ALMT9F243CY245C #2. Asterisks in black 

represent statistical significance comparing between genotypes after Two-way ANOVA (indicated 

on top of plots). Asterisks in black represent statistical significance comparing between genotypes 

after Two-way t-test. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Supplementary Figure 8. Relative water content of the complementation lines during 

drought process.  

A. Time-course recording of plant relative water content over drought process. B. Data from day-6 

to day-8 in A were pulled out to comparing water status between genotypes. Different letters 

indicate statistical significance comparing between genotypes at the same day of drought process 

after two-way ANOVA, p val <0.05, n=6. 



Chapter IV GABA regulation of stomata aperture in Arabidopsis:  

beyond a simple dose-response relationship 

Introduction 

Results in previous chapters showed that GABA acts on ALMT9 and ALMT12 to modulate 

stomatal movement, and that the defect in leaf GABA synthesis (gad2-1) led to enlarged 

stomatal aperture and increased susceptibility to drought stress. On the contrary, cell 

specific manipulation of GABA synthesis improves drought tolerance of WT and recovers 

the stomatal phenotype of the single (gad2) mutant to that of the wildtype (Xu et al. 2021). 

There is extensive literature that shows that GABA application improves plants tolerance 

to stresses, including herbivory, salt, pathogen infection, heat and drought (Park et al. 2010, 

Scholz et al. 2015, Priya et al. 2019, Su et al. 2019). Furthermore, GABA synthesis 

deficiency increases sensitivity to biotic stress, such as salinity, drought and pathogenesis 

(Mekonnen et al. 2016, Su et al. 2019, Deng et al. 2020). As reviewed in chapter I, there 

are 5 GAD homologues in Arabidopsis that have distinct expression patterns and 

contribution to GABA synthesis (Bouché et al. 2004, Miyashita et al. 2007, Scholz et al. 

2015, Zarei et al. 2017, Safavi-Rizi et al. 2020). The fact that disruption of a particular GAD 

function may not always be associated with visible phenotypes, suggests that there are 

divergent roles for the GAD homologues (Bouché et al. 2004, Miyashita and Good 2008). 

Thus, in this chapter, to further explore the relationship between GABA synthesis and 

stomatal pore aperture regulation in Arabidopsis, higher order mutants of the major GAD 

isoforms expressed in plants were generated and analysed. Here, an unexpected 

complexity in the relationship between endogenous GABA concentration and stomatal pore 
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aperture control was revealed, which indicates that normal function of stomata may require 

more GADs than just GAD2. 

Results 

Genotyping and stomatal phenotype of gad1/2/4/5 

To follow up on our finding that GABA synthesised via a GAD2 mediated pathway impacts 

plant gas exchange (Chapter II and III), it was further investigated whether there is a 

correlation between GABA metabolism and stomatal movement by characterising the 

stomatal pore regulation of higher order GAD mutants. We obtained seeds from the lab of 

Prof. Shuqun Zhang, Zheijang University, China (Deng et al. 2020), where GAD1, 2, 4 and 

5 are knocked out simultaneously in the quadruple mutant line gad1/2/4/5 for near complete 

disruption of GAD-mediated, Glu-derived, GABA synthesis. GAD3 is barely expressed 

through the whole plant (Miyashita and Good 2008) and appears not to impact vegetative 

GABA concentration (Deng et al., 2020).  

As we were unable to obtain the heritage of the lines in addition to the seeds at the 

beginning of the project, the T-DNA insertion sites present in the proposed gad1/2/4/5 

mutant line were checked (Fig. 1A). With gene specific primers and T-DNA border primers 

(Suppl. Tab. 1), the T-DNA insertion within GAD1,2,4 and 5 was located, and thus with this 

I was able to identify the parental lines used to create the quadruple mutant (Fig. 1A). The 

quadruple mutant was also verified as homozygous (Fig. 1B). Of importance here, it was 

confirmed that the gad1/2/4/5 harbours the gad2-1 T-DNA insertional mutation in GAD2 

(Suppl. Tab. 2, Suppl. Fig. 1) so it is useful material to compare with the gad2-1 parental 
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line. The expression of GAD genes was measured in both WT and the quadruple-mutant 

by quantitative PCR. Real-time quantitative PCR (RT-qPCR) confirmed that GAD2 was the 

most dominant GAD homologue expressed in the rosette leaves of 5-6-week-old 

Arabidopsis, where GAD4 was the second most highly expressed GAD (Fig. 1C). This is 

consistent with results obtained using reverse-transcriptional PCR (semi-qPCR), where 

only expression of GAD1, 2 and 4 was detected in wildtype (WT) leaves, while no GAD3 

or 5 transcription was detected in gad1/2/4/5 after 34 cycles of replication (Fig. 1D). GAD3 

and GAD4, which are located on chromosome 2 adjacent to each other, share 91% identity 

in their coding regions (Suppl. Fig. 2). Since T-DNA insertion in salk lines were identified 

by sanger sequencing (Alonso et al. 2003), a further experiment was required to confirm 

the T-DNA insertional position within GAD3 and/or GAD4 to see whether the sanger 

sequence result was a mismatch with the T-DNA insertion site in Arabidopsis genome. With 

primers designed flanking the genomic sequence of GAD4 and GAD3, the PCR result 

indicated that T-DNA is only inserted in GAD4 of gad1/2/4/5 (Suppl. Fig. 3).  

Subsequently, endogenous GABA concentration of the mutant lines was measured using 

Ultra-Performance Liquid Chromatography (UPLC). The quadruple mutant had very low 

GABA content (0.0396 ± 0.005 nmol/ mg FW), slightly lower than that of the gad2-1 single 

mutant (0.0527 ± 0.009 nmol/ mg FW), and only maintained approximately 5.8% of GABA 

accumulation of WT seedlings (0.901 ± 0.182 nmol/ mg FW) (Fig. 1E). As could be 

reasonably expected, disruption of GABA synthesis accumulated greater Glu in the mutant 

lines compared to that of WT (3.313 ± 0.151 nmol/ mg FW in gad2-1, 3.062 ± 0.089 nmol/ 

mg FW in gad1/2/4/5 and 2.418 ± 0.180 nmol/ mg FW in WT) (Fig. 1F).  
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Figure 1. gad2-1 and gad1/2/4/5 reduce GABA concentration in leaves.  

A. Schematic representation of GAD genes; black boxes and solid lines represent exons and 

introns, respectively. T-DNA insertional map is indicated by triangles and identifying code, while 

arrows represent primers used for genotyping. B. Identification of genotype and T-DNA location of 

mutants via PCR-based screening of gDNA template of plants with primers indicated in A. C. qPCR 

analysis of GAD expression relative to that of Actin2 in WT and gad1/2/4/5. D. Semi-qPCR analysis 

of GAD expression in rosette leaves of WT and gad1/2/4/5. GABA (E) and Glu (F) level in rosette 
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leaves of plants was measured by UPLC (n=6). For qPCR, asterisks represent statistical 

significance after Two-way ANOVA (C), FInteraction (4, 30) = 16.96, p < 0.0001; FGene (4, 30) = 0.7503, 

p = 0.5657; FGenotype (1, 30) = 5.830,p = 0.0221. For metabolite concentrations, asterisks represent 

statistical significance comparing mutants to WT after one-way ANOVA, F (2, 15) = 22.02, p < 

0.0001 for GABA concentration analysis; F (2, 15) = 10.07, p = 0.0017 for Glu concentration 

analysis. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.  

The stomatal phenotypes of gad1/2/4/5 compared to gad2-1 and WT were then examined. 

Intriguingly and much to our surprise, unlike gad2-1 (and gad2-2, Chapter II), the disruption 

of the four GADs simultaneously did not result in a larger stomatal aperture than wildtype, 

as in the single mutants of GAD2; instead gad1/2/4/5 had a WT-like aperture width (Fig. 

2a). Width/length ratios and stomatal conductance of gad1/2/4/5 were both WT-like (Fig. 

2B Suppl. Fig. 4A), suggesting that gad1/2/4/5 did not alter stomatal pore size and 

demonstrated a phenotypic reversion of the gad2-1 single mutant phenotype back to WT. 

 



Chapter IV GABA regulation of stomata aperture in Arabidopsis:  beyond a simple dose-response relationship    132 

 

 

Figure 2. Stomatal aperture and conductance of WT, gad2-1 and gad1/2/4/5.  

A. Stomatal aperture of 5-week-old plants were measured under 2 hr of constant light, n= 123 for 

WT, n= 112 for gad2-1, n= 101 for gad1/2/4/5. B. Stomatal conductance of 5-week-old plants 

measured at steady state (6 hr after the light is on). 4 leaves per plant, 5 plants per genotype were 

measured, the mean ± SE of each genotype are indicated. Asterisks represent statistical 

significance comparing between genotypes after one-way ANOVA in A, F (2, 333) = 8.465, p = 

0.0003; and B, F (2, 12) = 20.57, p = 0.0001. **, p < 0.01; ***, p < 0.001. 

Drought sensitivity of GABA deficient mutants 

Given that the higher water loss rate of gad2-1 is associated with lower water use efficiency 

(Chapter II, Fig. 3), here, it was examined whether gad1/2/4/5 again failed to properly close 

stomata following water deficiency, despite its WT-like gas exchange of steady state undre 

light conditions (Fig. 2). This was performed in an attempt to understand whether the near 

complete interruption of GABA synthesis via the GABA shunt could affect drought 

performance, i.e. whether there is correlation between GABA concentration and drought 

sensitivity, by monitoring stomatal conductance following drought treatment. The gad2-1 

mutant again maintained significantly higher water loss rate than that of WT, until it was 

thoroughly wilted after 5 days of withholding watering (Fig. 3A). Instead, gad1/2/4/5 

consistently behaved like WT and wilted at day 6 (Fig. 3B). In a repeated experiment, leaf 

tissue was sampled for GABA and Glu concentration during the drought process (Fig. 3C-

D). The result indicated that GABA concentrations were consistently lower in both mutants 

whereas the WT plants had greater GABA concentration upon drought treatment at day 3 

(Fig. 3C). Interestingly Glu synthesis was promoted in both mutant lines and peaked at day 

3 (Fig. 3D), suggesting that GABA accumulation in response to drought was induced by 
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fuelling the GABA shunt with Glu, but impaired GABA synthesis led to Glu accumulation in 

gad2-1 and gad1/2/4/5 mutants instead.  

 

Figure 3. Drought response of WT, gad2-1 and gad1/2/4/5.  

A. Stomatal conductance of WT and gad2-1 were monitored after withholding water for 5 days. 4 

leaves of each plant were used to measure stomatal conductance, the mean value of 6 biological 

replicate plants at each data point is indicated. B. Stomatal conductance of WT and gad1/2/4/5 

were monitored after withholding water for 5 days. 4 leaves of each plant were used to measure 

stomatal conductance, the mean value of 8 biological replicate plants at each data point is 

indicated. GABA (C) and Glu (D) concentrations in leaves of WT, gad2-1 and gad1/2/4/5 during 

drought process. Rosette leaves of 6 plants of each genotype were sampled at each data point. 

Asterisks represent statistical significance comparing between genotypes after Two-way ANOVA 
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in A, FInteraction (5, 36) = 8.045, p < 0.0001; FDays (5, 36) = 22.18, p < 0.0001; FGenotypes (1, 36) = 163.5, 

p < 0.0001, and B, FInteraction (6, 56) = 1.272, p = 0.2851; FDays (6, 56) = 25.29, p < 0.0001; FGenotypes 

= 0.01755, p = 0.8951. Asterisks represent statistical significance comparing metabolite 

concentrations between days for each genotype (blue: gad1/2/4/5; pink: gad2-1) after one-way 

ANOVA in C, F (2, 333) = 8.465, p = 0.0003; and D, F (2, 12) = 20.57, p = 0.0001). All data points 

indicate mean ± SE. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Influence of endogenous GABA synthesis on stomatal movements  

To further investigate the role of GABA in stomatal regulation and how the disparity 

between gad2-1 and gad1/2/4/5 may occur, ♂gad2-1 x♀gad1/2/4/5 (gad2-1×gad1/2/4/5) 

were crossed to generate the first filial generation (F1). The F1 generation contained 

homozygous T-DNA insertions in the GAD2 alleles, but were heterologous in the other 

GAD alleles – GAD1, GAD4 and GAD5. As such, this F1 was expected to mimic the gad2-

1 single mutant (Fig. 4A). Initially, stomatal conductance of F1 with WT and parental lines 

were compared. Since the stomatal conductance level in WT, gad2-1 and gad1/2/4/5 has 

demonstrated both divergence between lines and variability within lines during repeated 

previous measures, and to have an accurate determination of the F1 phenotype, a large 

number of biological replicates were used (n=11 for F1, n=6 for other genotypes) (Fig. 4B). 

Our result indicated a similar level of stomatal conductance in the F1 gad2-1×gad1/2/4/5 to 

that of gad2-1, which was significantly higher than that of WT and gad1/2/4/5 (Fig. 4B). 

This is consistent with the higher stomatal conductance of gad2-1 mutant being caused by 

the knockout of the GAD2 gene as shown with the two independent gad2-1 and gad2-2 
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mutant lines, respectively from GABI‐KAT and SALK mutant seed collections, both of 

which had higher stomatal conductance than wildtype plants (Chapter II, Fig. 3).  

Subsequently, the second (F2) and third (F3) filial generation segregated from the F1 

generation were used to segregate homozygote double or triple GAD mutants (Suppl. Fig. 

4A). For the F2 generation, plants were genotyped with gene specific primers used in Fig. 

1A, thus could be homozygous or heterologous in single locus of either GAD1, GAD4 or 

GAD5 alleles, such as gad1/2 double mutants, gad1/2/4 and gad1/2/5 triple mutants 

(Suppl. Fig. 5A). gad1/2, similar to the gad2-1 mutant, had higher stomatal conductance 

than that of wildtype plants, consistent with previous research (Mekonnen et al. 2016); 

however, the loss of either GAD4 or GAD5 in addition to the gad1/2 mutation compromised 

the higher stomatal conductance of the gad2 and gad1/2 mutant and re-produced the 

gad1/2/4/5 and WT-like phenotype (Fig. 4C). This was also found in individual lines of the 

F2 generation, where the triple mutants, gad1/2/4 and gad1/2/5, had similar levels of 

stomatal conductance to that of gad1/2/4/5 and WT (Suppl. Fig. 6). All double and triple 

mutants harbouring T-DNA insertions in GAD2, had low levels of GABA accumulation in 

rosette leaves, whereas gad1 single mutant had WT-like GABA level in leaves (Fig. 4D). 

The result based on the F2 plants indicated that only gad2 and gad1/2 mutants showed a 

correlation between lower endogenous GABA and higher stomatal conductance, but the 

additional disruption of GAD4 or 5 within the gad2-1 background may alter other aspects 

to compromise the GABA-deficiency effect on the stomatal phenotype back to wildtype like 

(Fig. 4C). 
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Figure 4. Effect of impaired GABA synthesis on stomatal movement.  

A. Genotype of the F1 generation from a gad2-1×gad1/2/4/5 cross. Primers used are as described 

in Fig. 1A. B. Stomatal conductance of WT, gad2-1, gad1/2/4/5 and F1. 4 leaves of each plant were 

used to measure stomatal conductance of plants, the mean value of individual plants of each 

genotype are indicated. n= 6 for WT, n= 6 for gad2-1, n= 6 for gad1/2/4/5, n= 11 for F1. C. Stomatal 

conductance of WT, gad2-1, gad1/2/4/5 and F2. n= 6 for WT, n= 5 for gad1, n= 7 for gad2-1, n= 11 

for gad1/2, n= 10 for gad1/2/4, n= 8 for gad1/2/5, n= 10 for gad1/2/4/5. D. GABA level of WT, gad2-

1, gad1/2/4/5 and F2. n=6. Different letters denote significant difference (p < 0.05) between 
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genotypes after one-way ANOVA, B, F (3, 84) = 27.25, P<0.0001; C, F (6, 50) = 13.65, 

P<0.0001; D, F (10, 54) = 34.53, P<0.0001.  

To determine whether mutation of GAD4 or GAD5 eliminated the higher stomatal 

conductance of gad1/2 and gad2-1, epidermal strip assays were conducted on F3 of gad2-

1 x gad1/2/4/5 and gad4. All mutants were genotyped with both gene specific primers and 

T-DNA border primers and were deemed homozygous (Suppl. Fig. 5). Epidermal strip 

assay under constant light showed that gad1, gad4, gad2/4, gad1/2/4, gad1/2/5 had similar 

level of stomatal aperture as that in WT and gad1/2/4/5 (around 1.4 µm) (Fig.5). T-DNA 

insertion in either GAD1 or GAD4 alone did not result in more opened stomatal aperture 

than WT, unlike the gad2-1 mutant (2.05 ± 0.08 μm). which had significantly more open 

stomata than that of other genotypes tested (Fig. 5).  
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Figure 5. Effect of serial GAD knock outs on stomatal opening following a dark to light 

transition.  

The effect of exogenous GABA on stomatal aperture of WT and homozygous mutants of GADs. 

Black brackets and asterisks indicate significant difference comparing all genotypes, the orange 

ones indicate significant difference comparing all genotypes excluding gad2-1. n= 208 for WT, n= 

198 for gad1, n= 201 for gad2-1, n= 193 for gad4b, n= 173 for gad2/4, n= 187 for gad1/2/4, n= 187 

for gad1/2/5, n= 199 for gad1/2/4/5. Asterisks indicate significant difference between different 

pharmacological treatments of each genotype including watered control after one-way ANOVA, 

FInteraction (7, 2655) = 3.260, p = 0.002; FGenotypes (7, 2655) = 15.488, p <0.0001; FTreatment (1, 2655) = 

7.753, p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

In another experiment, I measured the stomatal conductance of WT and the mutants 

(Fig.6A). Interestingly, in contrast to the aperture data, both gad4 and gad2/4 had higher 

stomatal conductance, which was similar to that of gad2-1 and was significantly higher than 

other mutants being used (Fig. 6A). It was also checked if expression of other GAD 

homologues was altered in the gad4 mutant. As indicated in the qPCR result, GAD4 

expression was eliminated in gad4, and that the expression of GAD1, GAD2 and GAD5 

was not induced in rosette leaves of the mutant (Fig. 6B). 



Chapter IV GABA regulation of stomata aperture in Arabidopsis:  beyond a simple dose-response relationship    139 

 

 

 

Figure 6. Effect of impaired GABA synthesis on stomatal conductance.  

A. Stomatal conductance of WT and homozygous mutants of GADs at steady state (6 hr after the 

light is on). n= 6 for WT, n= 3 for gad1, n= 4 for gad2-1, n= 5 for gad4b, n= 3 for gad2/4, n= 5 for 

gad1/2/4, n= 6 for gad1/2/5, n= 4 for gad1/2/4/5. Different letters in denote significant difference (p 

< 0.05) between genotypes. B. qPCR analysis of GADs expression relative to that of Actin2 in WT 

and mutant lines. 3 biological replicate plants and 3 technical replicates were used for expression 

of each gene in each genotype. 

Characterisation of gad1/2/4/5 plants expressing GAD2Δ in guard cells 

Expression of GAD2 and GAD4 can be found in both mesophyll and guard cells of 

Arabidopsis (Leonhardt et al. 2004), to see whether restoring GABA synthesis specifically 

in guard cells of gad1/2/4/5 lines altered the stomatal phenotype, the truncated version of 

GAD2 lacking the C-terminal auto-inhibitory domain (GAD2Δ) with or without a C-terminal 

GFP tag were expressed in gad1/2/4/5 driven by guard cell specific promoter of promoter 

of GC1 (At1g22690, −1140/+23 relative to the transcriptional start site, size of 1163 bp) 
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(Yang et al. 2008). Leaf sections of the complemented plants, gad1/2/4/5/GC1::GAD2Δ-

GFP were observed using confocal microscopy. The GFP fluorescence was exclusively 

shown in guard cells (Fig. 7A). semi-qPCR analysis on rosette leaves also suggested 

expression of GAD2Δ successfully in both gad1/2/4/5 /GC1:: GAD2Δ-GFP and gad1/2/4/5 

/GC1:: GAD2Δ (Fig. 7B).  

 

Figure 7. Guard cells specific complementation of GAD2Δ in gad1/2/4/5.  

A. GFP fluorescence image of guard specific expression of GAD2Δ-GFP in the leaves of a 

gad1/2/4/5 mutant line observed under confocal microscope, scale bar = 20 µm B. semi-qPCR 

analysis of GAD2 transcript levels in WT, gad1/2/4/5 and complementation lines as indicated. 

Stomatal conductance of the lines expressing GAD2Δ was recorded. Two individual 

gad1/2/4/5 /GC1:: GAD2Δ complemented lines had higher stomatal conductance than that 

of WT and gad1/2/4/5 (Fig. 8A). This was also reflected in stomatal aperture data obtained 

with gad1/2/4/5 /GC1:: GAD2Δ-GFP, where it had significantly more open stomata than 
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that of both WT and gad1/2/4/5 (Fig. 8B). Both results indicated a similar stomatal opening 

of the complemented lines to that of gad2-1 (Fig. 8). 

 

Figure 8. Stomatal movement of WT, gad2-1, gad1/2/4/5 and GC1: GAD2Δ/gad1/2/4/5.  

A. Stomatal aperture of plants. n= 113 for WT, n= 125 for gad2-1, n= 125 for gad1/2/4/5, n= 133 

for gad1/2/4/5/GAD2∆-GFP #6-1. B. stomatal conductance of plants. 4 leaves of each plant and 4 

plants of each genotype were used. Asterisks represent statistical significance comparing between 

genotypes after one-way ANOVA in A, F (4, 15) = 10.97, p = 0.0002; and in B, F (3, 384) = 13.33, 

P<0.0001. 
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Discussion 

Stomatal opening and GABA concentrations can be decoupled in gad 

mutants 

With similar level of endogenous GABA in both gad2-1 and gad1/2/4/5 (Fig. 1E), the 

discovery that gad1/2/4/5 failed to resemble gad2 phenotype was intriguing (Fig. 2). This 

stomatal phenotype of gad1/2/4/5 was consistent with its drought performance, as 

gad1/2/4/5 had WT-like stomatal behaviour and drought sensitivity (Fig. 3B). A high 

transpiration rate and drought sensitivity had also been shown in the gad1/2 double mutant, 

but not in gad1 (Mekonnen et al. 2016). In chapter II, it was shown that both gad2-1 and 

gad2-2 mutants had enlarged stomatal pores and thus showed increased drought 

sensitivity (Xu et al. 2021). Similar here with heterologous F1 of ♂gad2-1  ♀gad1/2/4/5, 

which mimics the genotype of gad2-1, this ascertained that the loss of GAD2 is associated 

with impaired gas exchange and the additional loss of GAD4 (simultaneously with GAD1) 

or GAD5 can alter this phenotype back to wildtype (Fig. 4A). The F1 filial generation had 

increased stomatal conductance, which is significantly higher than that of WT and 

gad1/2//4/5 (Fig. 4B). Thus, the disrupted function of GAD2, which leads to more open 

stomata in gad2 and the F1, is corroboration that mutation of GAD2 leads to enlarged 

stomata and increased drought sensitivity as suggested previously in Chapter II. 
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Change in GABA level alone in guard cells can alter stomatal 

movement in Arabidopsis 

Apart from the discrepancy in stomatal movement of gad2 and gad1/2/4/5, the guard cell 

specific complemented lines, gad1/2/4/5 /GC1:: GAD2Δ, had increased stomatal aperture 

and conductance compared to that of gad1/2/4/5 (Fig. 8A, B). This is also distinct from 

gad2-1, where the GC1:: GAD2Δ complementation reduced stomatal opening of gad2-1 to 

the level of that in the WT (Xu et al. 2021). Both gad2 and gad1/2/4/5 had drastically 

reduced GABA level in leaves (Fig. 1C, 3C), thus the opposite effect of GC1:: GAD2Δ in 

the two mutants suggests that varying GABA concentration per se can create an altered 

stomatal response, which may vary dependent upon the genetic background and 

physiological address of the mutants. Expression data sets from the Bio-Analytic Resource 

for Plant Biology suggest a relatively higher expression level of GAD2 and GAD4 in leaves 

and that expression of GAD4 is only significant in mesophyll cell (Yang et al. 2008, Pandey 

et al. 2010, Fucile et al. 2011). Thus the divergence of gad1/2/4/5 /GC1:: GAD2Δ vs. gad2 

/GC1:: GAD2Δ could be due to different compartmentation of GABA within the leaf, which 

may be further impacted by variation in ALMT activity caused by unbalanced GABA 

distribution (Meyer et al. 2010, Meyer et al. 2011, De Angeli et al. 2013b, Ramesh et al. 

2015, Sharma et al. 2016, Ramesh et al. 2018, Xu et al. 2021). This could lead to varied 

turgidity status of guard cells and cells surrounding it. For example, turgidity of epidermal 

cells has been suggested to have a transient effect at early stage of stomatal opening 

(Buckley 2019).  
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Both GAD4 and GAD5 could contribute to wildtype-like stomatal 

phenotype in the gad1/2 background 

It was confirmed in the presented study, that within the scope of the gad mutants being 

tested, only gad2 and gad1/2 had more increased stomatal aperture, but not in gad1 (Fig. 

4C, Suppl. Fig. 6). This confirmed that the enlarged stomata in gad1/2 is due to a mutation 

in GAD2, instead of GAD1, probably due to the prominence of GAD2 in shoot part of plants 

(Fig. 1E). As aforementioned, further mutation of GAD4 or GAD5 may contribute to the 

difference between gad2-1 and gad1/2/4/5. And the speculation was that GAD4 could be 

a potent candidate since its expression is more predominant in rosette leaves and has been 

shown to be induced in the gad1/2 mutant and in WT under salt stress and hypoxia (Scholz 

et al. 2015, Zarei et al. 2017, Safavi-Rizi et al. 2020). Our observation on gad4 showed that 

none of the expression of GAD1, GAD2 and GAD5 was induced in the mutant (Fig. 5B).  

The single gad4 mutant had stomatal aperture similar to that of WT and gad1/2/4/5, but 

significantly smaller than that of gad2-1. On the other hand, higher stomatal conductance 

was observed in gad4 and gad2/4 (Fig. 6A), although repeat experiments are required to 

further verify both stomatal aperture and conductance of the two mutants. Stomatal density 

of the mutants should also be measured to identify whether the divergence is caused by 

varied stomatal movement or density. This result could again highlight the differences one 

can obtain between whole leaves and epidermal peel experiments (Chapter II) (Buckley 

2019). On the other hand, given our experience that stomata can continuously open with 

prolonged duration exposure to light with a variance in response speed of different 

genotypes (chapter III, Fig. 9), it is possible that for the epidermal strip assay, the stomatal 

aperture of gad4 was not open enough to match the steady state of stomatal conductance. 
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Further experiments on stomatal aperture of these mutants under constant light are also 

required to explore whether there is a perturbed stomatal opening in the mutant.  

Experiments on the triple mutants, gad1/2/4 and gad1/2/5, indicated that additional 

mutation of both GAD4 and GAD5 could bring enlarged stomatal of gad1/2 to the wildtype-

like level (Fig. 5, 6A). The discrepancy between gad2-1 and gad1/2/4/5 could possibly be 

due to the mutation of GAD1 in addition to either GAD4 or GAD5. Recently, research in 

plant immunity showed that Pseudomonas syringae type III effector induced both 

expression of GAD1 and GAD4 in 14-day-old seedlings, while such response was 

significantly impaired in single mutants of mitogen‐activated protein kinases, mpk6 and 

mpk9 (Deng et al. 2020).  Furthermore, another study suggested that GABA accumulation 

by the mutation of GABA-T/POP2 reduced sensitivity of plant to H2O2 possibly by impaired 

response in Reactive oxygen species (ROS) production gene (Su et al. 2019). ROS 

synthesis in plants involves Ca2+ signalling, MPK (including MPK6/9) and is influenced by 

circadian rhythms (Lai et al. 2012, Wrzaczek et al. 2013, Grundy et al. 2015, Singh et al. 

2017). Whether mutation of GAD1 and GAD4 in addition to GAD2 may perturb stomatal 

regulation mediated by these signaling pathways and leads to wild type like phenotype of 

gad1/2/4 and gad1/2/4/5 would need to be examined via transcriptional status of the 

mutants.  

The reason why gad1/2/4, gad1/2/5 and gad1/2/4/5 had wildtype-like levels of gas 

exchange may also be linked with alteration of other metabolites in these mutants. Previous 

research showed that impaired GABA metabolism via either GABA depletion (in gad1/2) or 

overaccumulation (in gaba-t/pop2) alters the amino acid pool (Renault et al. 2010, Scholz 

et al. 2015), and a range of amino acids have been demonstrated to act on glutamate 
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receptor homologs (GLR) to prime Ca2+ signalling (Demidchik et al. 2018). For instance, 

Glu and L-Met can activate GLR-mediated Ca2+ signalling and stimulate stomatal closure 

(Kong et al. 2016). In this case, knock-out multiple GAD(s) may block GABA biosynthesis 

in the whole plants and in response to developmental and growth regulation, changing a 

range of metabolites that compromise effect by the loss of GAD2 in plants. Therefore, 

global metabolic analysis in WT, gad2-1 and gad1/2/4/5 is expected to find clues as to the 

differential performance between single and multiple GAD mutants (Yoshida et al. 2016).  

Materials and Methods 

Plant materials and growth conditions 

The Arabidopsis WT used in this study was Col-0 unless otherwise specified. The single 

mutant lines gad1 (SALK_017810) and gad2-1(GABI_474E05) are previously described 

(Bouché et al. 2004, Mekonnen et al. 2016, Xu et al. 2021). Seeds of gad1/2/4/5 were 

obtained from Shuqun Zhang (Deng et al. 2020). Seeds of gad4a (SALK_146398), gad4b 

(SALK_106240) mutants were ordered from ABRC. All mutants used in this study were 

homozygous, checked by a pair of gene specific primers and the T-DNA insertion border 

primer on genomic DNA. Details of insertion site and primers used are listed in Suppl. Table 

1, 2. 

Genomic DNA extraction was conducted on leaf tissue of plants. Basically, leaf were 

excised from plants and immersed in Edward buffer in 1.5 mL centrifuge tubes (Axygen) 

(Edwards et al. 1991). Then the tissue was thoroughly ground with a pestle and centrifuged 

at 14,000 x g for 1min. Subsequently, the supernatant was then mixed with 75% (v/v) 
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isopropanol (Chem Supply) with a ratio of 1:1 (v/v) and centrifuged at the same speed 

again. The sediment was then washed with 60% ethanol (Chem Supply) and centrifuged 

at the same speed. Final sediment was dissolved in ultrapure water (Milli Q Plus 185 Water 

Purification System) after ethanol was fully evaporated.  

Mutants constructed from gad2-1 x gad1/2/4/5 were identified by sequencing extracted 

DNA and examining the PCR products using the left boarder primer of T-DNA with a gene 

specific primer (Fig. 1B, right panel). The mutant strains were then confirmed by alignment 

of the sequencing result to genome sequence of relative genes to find the insertion sites. 

This was used to compare with the information from T-DNA Express: Arabidopsis Gene 

Mapping Tool by Salk Institute Genomic Analysis Laboratory to find the corresponding ID 

of mutants, which are indicated in the schematics in Fig. 1A. 

The transgenic lines, proGC1:: GAD2Δ-GFP/gad1/2/4/5 and proGC1:: GAD4-mGFP/ 

gad1/2/4/5 had been constructed by Agrobacterium tumefaciens mediated transformation 

of target genes. Seeds of transgenic plants (T0) were selected by hygromycin-B 

(hygromycin-B, Monosulphate, Melford Laboratories Ltd.) for filial generations (Harrison et 

al. 2006). Basically, seeds were harvested in 2 mL tubes and mixed with silica gel beads 

(Silica gel orange, Sigma) in a ratio of 1:1. The tube was then sealed with cotton ball and 

placed on bench at room temperature for 10-14 days. Subsequently, the seeds were 

sterilised with 0.5% sodium hypochlorite and 0.01% triton-x solution for 10-15 min and 

washed with sterilised pure water (Milli Q Plus 185 Water Purification System) for 5-6 times 

before placed on half-MS medium containing 50ug / mL hygromycin-B in petri dish 

(Murashige and Skoog medium, Duchefa-Biochemie; 1% Sucrose, Chem-supply; 0.8% 

Phytagel, Sigma Aldrich). The seeds were then stratified at 4 °C under dark for 2-days, and 
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then placed horizontally under light for 6 hr, covered under dark for 2-days and exposed to 

light again for 1-day. The seedlings that looked greener were transferred to soil and 

covered with cling wrap to maintain the high humidity for 5-7 days. After that, the cling wrap 

was removed and the plants (T1 generation) were kept under long-day conditions (16-hr 

light/ 8-hr dark, 22 °C, 60-70 % relative air humidity) for seed harvesting (Rivero et al. 

2014).   The hygromycin-B selected plants were confirmed by genotyping (Lu 2011). For 

each genotype, around 20 plants were kept for seed harvesting. The filial T2 generation 

was then selected with same method on half-MS medium containing 50 μg/ mL 

hygromycin-B. Around 100 seeds of each genotype were selected on media and those with 

higher ratio of resistant plants were kept for seeds harvesting. Finally, the T3 generation 

was screened by the same method; only that the ones that showed 100% resistance were 

kept. And the T4 generation, the homozygous lines, were used for phenotyping 

experiments. The transgenic plants were observed under Olympus Fluorescence 

Microscope and screened to check the guard cell specific expression. All materials for 

phenotyping were sown on half-MS medium and stratified at 4°C for 4 days, then grew in 

short-day conditions unless otherwise specified (100- 150 μmol ·m2-·s-1 ,10-hr light/ 14-hr 

dark, 22 °C, 60-70 % relative air humidity). Plants for transgenic construction and seed 

harvest were grown in long-day conditions (16-hr light/ 8-hr dark, 22 °C, 60-70 % relative 

air humidity). 

Quantitative PCR 

For qPCR, total RNA samples were extracted from rosette leaves using TRIzol Reagent 

(TRIzol RNA Isolation Reagents, Invitrogen) and purified with DNase (TURB DNase, 
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Invitrogen). cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen). 

Real time qPCR was performed with KAPA SYBR® FAST qPCR Kit (Roche) in 

QuantStudio 12 Flex Real-Time PCR System (Thermo Fisher Scientific). Each experiment 

was performed with 3 biological replicate plants and 3-4 technical replicates.  

Semi-qPCR  

Semi-qPCR was conducted with PCR reaction on cDNA from plants indicated. The PCR 

system used in this study is KAPA2G Fast HotStart ReadyMix. 100  dilution of cDNA made 

from 1 µg RNA was used in the PCR reaction. The products were then checked with 

electrophoresis after 34 cycles of PCR reaction. 

Stomata assay 

For stomata aperture measurement, epidermal strips were peeled from the abaxial side of 

mature leaves, harvested from 4-6 weeks old plants. The peels were then floated in KCl-

MES buffer (10 mM MES, 10 mM KCl, 5 mM Malate, pH 6.0 adjusted with Tris base) (Xu 

et al. 2021), with or without ABA or GABA, under light (200  μmol photons m-2 s-1) or dark 

conditions. Stomatal status was captured under a Zeiss Axiophot Fluorescence Phase 

Microscope, and then measured by ImageJ. 3 biological replicate plants, 2 leaves per plant, 

were used in each experiment. Stomatal conductance was measured with a leaf porometer 

on 4 leaves of each plant from 5 biological replicate plants. 
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Drought treatment 

Drought assays was performed as in Chapter 2. 4-5 weeks old plants were grown in short-

day conditions (100- 150 μmol photons m-2 s-1,10-hr light/ 14-hr dark, 22 °C, 40-60 % RH), 

in equally weighed out soils containing 1:1 ratio Irish Peat and coco peat. The soil water 

content was saturated at Day-0 before withdrawing water. Leaves ware harvested and 

weighed for fresh weight, turgid weight and dry weight during the drought process. Water 

content and relative water content (RWC) was then calculated by the equation below. 

Water Content =
Fresh Weight − Dry Weight

Fresh Weight
 

RWC =
Fresh Weight − Dry Weight

Turgid Weight − Dry Weight
 

 

Pharmacological treatment 

Topical treatment with ABA and GABA were modified from previous research (Söderman 

et al. 2000). 4-week-old plants were sprayed daily with 0.01% Triton-X solution, with or 

without GABA (0.5 mM) and/ or ABA (5 µM ±-ABA), under both control and drought 

condition. Each solution was freshly prepared before the experiment. Stomatal 

conductance was measured with leaf porometer 3-hr after spray. 
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GABA concentration measurement 

Rosette leaves from indicated materials were excised and snap-frozen in liquid nitrogen. 

Subsequently, materials were homogenised in liquid nitrogen. For Ultra Performance Liquid 

Chromatography (UPLC) analysis, around 50 mg fresh tissue were sent out for further 

analysis by our collaborators (Dr M. Okamoto, University of Adelaide) using Acquity UPLC 

System (Waters) with a Cortecs or Phenomenex UPLC C18 column (1.6 μm, 2.1x100 mm) 

as described in previous publication (Xu et al. 2021). 

Vector constructions 

pMDC32-proGC1:mGFP6 was constructed from pMDC32-35s as a backbone (Curtis and 

Grossniklaus 2003). The promoter of GC1 (-1140/ +23 relative to transcriptive starting site, 

size of 1163 bp)  was cloned from the GC1:: GAD2 construct as described in Xu et al., 

2021, and the GFP fragment was amplified based on the template of pMDC83 plasmid 

DNA carrying mGFP6 sequence (Curtis and Grossniklaus 2003). Promoter sequence of 

proGC1 was amplified with primers containing restriction sites of KpnI and HindIII flanked 

at the 3’ and 5’ end, these two restriction sites are located in pMDC32-35s within the region 

of left border and attR1. Similarly, CDS sequence of mGFP6 was amplified from pMDC83-

mGFP6 with primers flanked by restriction site of SpeI, which existed only between attR2 

and the nos-terminator of the backbone. PCR amplification products Kpni-proGC1-HindIII, 

SpeI-Mgfp6-SpeI and pMDC32-35s backbone was respectively digested by HindIII and 

KpnI or by SpeI. The products digested by same restriction enzyme were then purified with 

illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare), and then ligated with 
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T4 Ligase (NEB). The ligation product was then transformed into competent cell of E. coli 

DB3.1. Colony PCR was used to select positive colonies, and then the culture of the colony 

was used to extract plasmid using ISOLATE II Plasmid Mini Kit (Bioline). The plasmid was 

then checked by sanger sequencing. 

Cloning of GAD4 

CDS sequence of GAD4 (A2G02010) was amplified from cDNA of rosette leaves of 5-

week-old WT (Col-0) with Phusion High-Fidelity DNA Polymerases (Thermo Scientific). The 

PCR products (Supplementary Figure 8A) were then checked by electrophoresis and then 

purified with illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare). 

Subsequently, A-tailing of the purified products was performed with Taq DNA Polymerase 

(NEB) and purified with the purification kit again. The A-tailed GAD4 was then cloned into 

entry clone vector pCR™8/GW/TOPO™ (Invitrogen) through TA Cloning (Supplementary 

Figure 8B). The entry clone constructions were then checked by sequencing. Finally, 

Gateway LR Clonase II Enzyme mix (Invitrogen) was used to recombinant GAD4 from 

pCR8 entry clone to the binary vector pMDC32-35S:: mGFP6 (Supplementary Figure 7). 

Final construction was checked by sanger sequencing (Supplementary Figure 8C). 

Statistical analysis 

Statistical analysis was conducted in R. For the dataset with only 2 groups, t-test analysis 

was applied. For dataset with multiple groups, homogeneity and normal distribution of data 

in each group are checked. Afterwards, for the dataset with one type of variable, ANOVA 

test was applied first to test if it has significant difference between groups (Fig. 1, 2, 3, 6, 
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8, and 9). Then multiple comparisons were conducted after Tukey post-hoc tests. For those 

with two types of variables, an ANOVA test was applied first to test if both have significant 

effects (Fig. 1, 4, 5, 6 and 7). Then multiple comparisons were conducted after Tukey post-

hoc tests. Asterisks represent statistical significance. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 

****, p < 0.0001. Different letters indicate significant difference if p < 0.05. 

Supplementary materials  

Supplementary Table 1. Primers used in this chapter. 

Primer names Primer sequence: 5’- 3’ Purpose of using 

SALK_017931_LP ATGACTTGACTTGAACCTGCG gad1 genotyping 

SALK_017931_RP GGAGCCAATGTTCAAGTAACG  gad1 genotyping 

GABI_474E05_LP ACGTGATGGATCCAGACAAAG gad2 genotyping 

GABI_474E05_RP TCTTCATTTCCACACAAAGGC gad2 genotyping 

SK_106240_LP CAATAAAAAGATGACGGTCGG gad4 genotyping 

SK_106240_RP TTGAACCGGAAATTGAGTCAC gad4 genotyping 

GAD5-seq1_F TGGATGGAACCTGAGTGTGA gad5 genotyping 

GAD5-seq3_R CCATCCTGTCTCTGCGTTTT gad5 genotyping 

GAD1-qPCR _F GCTGACCAACCCACCTTTAC GAD1 qPCR 

GAD1-qPCR_R CGGCACTATCCATCCATACC GAD1 qPCR 

GAD2-qPCR _F GCGGAGAGACTTGTTGCTGA GAD2 qPCR 

GAD2-qPCR_R TTTCCACACAAAGGCAACAC GAD2 qPCR 

GAD3-qPCR _F ACAGCTTCCAAATCCGATGA GAD3 qPCR 

GAD3-qPCR_R TCCATCCAAGTGGTCACAAA GAD3 qPCR 

GAD4-qPCR _F TACGTCCGCAACTCTCTTCC GAD4 qPCR 

GAD4-qPCR_R TGAAGCTCAGTGGTGACAGG GAD4 qPCR 

GAD5-qPCR _F TGCTTGCTGGTTTGGCTTTC GAD5 qPCR 

GAD5-qPCR_R CCATCCTGTCTCTGCGTTTT GAD5 qPCR 

GAD4-CDS _F ATGGTTTTGTCTAAGACAGTTTC GAD4 cloning 
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Supplementary Table 2. Details of insertion site in GAD1, GAD2, GAD4 and GAD5 of 

gad1/2/4/5. 

Gene name Locus Insertion site Mutant line 

GAD1 AT5G17330 Base 2486 5th exon SALK_017810 

GAD2 AT1G65960 Base 4868 6th exon GABI_474E05 (gad2-1) 

GAD4 AT2G02010 Base 474 2nd exon Salk_106240 (gad4b) 

GAD5 AT3G17760 Base 1391 4th exon SALK_203883 

 

  

GAD4-CDS_R CATGCAAATTGTGTTCTTGTTG GAD4 cloning 

HindIII-proGC1_F GCCAAGCTTTTTATAAGTTTTCAA Binary vector construction 

proGC1-KpnI_R AAGGTACCGCCACCACATTCATC Binary vector construction 

CCA1-qPCR_F CCTCAAACTTCAGAGTCCAATGC CCA1-qPCR 

CCA1-qPCR_R GACCCTCGTCAGACACAGACTTC CCA1-qPCR 

LHY-qPCR_F GAAGTCTCCGAAGAGGGTCG LHY-qPCR 

LHY-qPCR_R TATTCACATTCTCTGCCACTTGAG LHY-qPCR 

TOC1-qPCR_F GCTATGAACAGAAGTAAAGATTCG TOC1-qPCR 

TOC1-qPCR_R GGATATCCCGTCATTCCATTCGGA TOC1-qPCR 

eIF4a-F TGACCACACAGTCTCTGCAA qPCR reference gene 

eIF4a-R ACCAGGGAGACTTGTTG qPCR reference gene 

actin2_F TGGAATCCACGAGACAACCTA qPCR reference gene 

actin2_R TTCTGTGAACGATTCCTGGAC qPCR reference gene 
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Supplementary Figure 1. Mutation specificity of GAD2 in gad2-1 and gad1/2/4/5.  

A. Schematic of gad2-1 (GABI_474_E05) T-DNA insertion. B. The primer designed specifically for 

GABI insertion lines and GAD2 gene specific primers (primer1-3 in a.) were used for genotyping. 

Identical in size of PCR products suggests the same mutation of GAD2 in gad2-1 and gad1/2/4/5.  
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Supplementary Figure 2. Genome DNA sequence alignment of GAD3 and GAD4.  

The alignment was conducted by NCBI BLASTN. The mRNA sequence of the two genes shared 

91% identity in a 1478 bp region.  
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Supplementary Figure 3. Identify T-DNA insertion between GAD3 and GAD4.  

Since GAD3 and GAD4 locus are adjacent to each other on chromosome 2 (A), T-DNA insertion 

were also checked in GAD3 by six pairs of primers targeting three segments after the insertion site 

in GAD4. B. Electrophoresis result of PCR products corresponding to A.  
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Supplementary Figure 4. Width/ length ratio of stomata in plants.  

A. WT, gad2- and gad1/2/4/5. n= 123 for WT, n= 112 for gad2-1, n= 101 for gad1/2/4/5. B. WT, 

gad2-, gad1/2/4/5 and gad1/2/4/5/∆GAD2-GFP, n= 113 for WT, n= 125 for gad2-1, n= 125 for 

gad1/2/4/5, n= 133 for gad1/2/4/5/∆GAD2-GFP #6-1.  
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Supplementary Figure 5. Genotyping of gad2-1 x gad1/2/4/5 filial generation.  

A. Electrophoresis result of genotyping of F1 from gad2-1 x gad1/2/4/5. B-C. Electrophoresis result 

of genotyping of gad1 and gad4. Primers used are as described in Fig. 1A.  
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Supplementary Figure 6. Stomatal conductance of individual lines of F2 mutants. 
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Supplementary Figure 7. Construction of pMDC32-pGC1:: mGFP6. 

 A. Schematic of construction of binary vector pMDC32-pGC1:: mGFP6. B. Enzyme digestion 

products of pMDC32-pGC1 backbone and mGFP6 coding sequence from donation vectors. 
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Supplementary Figure 8. Cloning of GAD4. 

 A. Electrophoresis result showing amplified CDS sequence of GAD4 from cDNA of WT. B. 

Schematic of entry cloning of GAD4 to pCR8 via TA cloning and then to binary vector pMDC32-

pGC1:: mGFP6. C. Sequence result of pMDC32-pGC1:: GAD4-mGFP6 construction. 



Chapter V Investigating GABA-ABA crosstalk during stomatal 

regulation  

Introduction 

The results in chapter II suggests that that loss function of GAD2 leads to impaired ABA-

induced stomatal closing, which is proposed to be due to de-regulation of ALMT9 (Chapter 

II, Suppl. Fig. 13 g-j). On the other hand, ABA induced stomatal closing was perturbed by 

application of 2 mM GABA at an ABA concentration of 2.5 µM but not 25 µM (Chapter II, 

Suppl. Fig. 3). Previous studies also suggests that gad2-1 and gad1/2/4/5 mutants appear 

to have altered responses to ABA (Lancien and Roberts 2006, Scala 2015, Mekonnen 

2017). Collectively, these studies suggest that either interrupted or enhanced GABA 

signalling impaired ABA induced stomatal closing, which suggests crosstalk between the 

signalling pathways via either sharing elements (Eisenach et al. 2017), or via response to 

the same cues of stomatal movement (such as stress and circadian rhythm) (Michael et al. 

2008b, Espinoza et al. 2010, Yong et al. 2017, Adams et al. 2018, Pelvan et al. 2021). 

Thus, this chapter aims to answer: 1) whether GABA deficiency led to altered ABA 

sensitivity of plants; 2) whether exogenous GABA application will alter ABA sensitivity of 

plants; and 3) whether there was interaction of GABA and ABA for regulation of stomata in 

Arabidopsis. For this purpose, first, ABA efficacy on stomatal closing with single and higher 

order of mutants of GADs were tested. Then drought stress and a dark-light transition were 

examined to see whether degree of stress, or time of day, may act as the shared cues 

mediating possible crosstalk between ABA and GABA signalling.  
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Results 

ABA induced stomatal closure in gad2-1 and gad1/2/4/5 plants 

Given the time interval that is required for preparation of epidermal strips for three 

bioreplicates of each genotype, and the fact that a time range of 0.5hr – 2hr is often used 

in such experiments (Prokic et al. 2006, Eisenach et al. 2017, Zhu and Assmann 2017), 

two different batch of experiments were conducted with a 1 hr (Fig. 1) and 2 hr treatment 

of ABA (Fig. 2). The epidermal strip assays were used to explore the impact of ABA on the 

stomatal closing of WT, gad2-1 and gad1/2/4/5, and whether the ABA sensitivity of each 

line varied with duration of treatment. It is noticed that in those experiments, the quadruple 

mutant showed more opened stomata aperture after post hoc analysis of Two-way ANOVA 

(Fig. 1A, 2A). By focusing on the control group alone, the statistical difference between 

each genotype using post hoc of one-way ANOVA was checked. The result indicated that 

there was no significant difference between stomatal aperture of gad1/2/4/5 and WT either 

for a treatment of 1hr ( F (2, 330) = 28.71, P<0.0001;  mean stomatal aperture for WT 

=1.299 ± 0.08 µm, for gad1/2/4/5 =1.546 ± 0.07 µm; Adjusted P Value= 0.0823 for Tukey's 

multiple comparisons test) or 2hr ( F (8, 1182) = 119.8, P<0.0001;  mean stomata aperture 

for WT =1.619 ± 0.06 µm, for gad1/2/4/5 = 1.901 ± 0.09 µm; Adjusted P Value= 0.0959 for 

Tukey's multiple comparisons test). The significance after Two-way ANOVA, after checking 

the algorithm, was due to excluded variation contributed by the ABA effect when looking at 

the genotype effect alone in Two-way ANOVA. Thus, the quadruple gad1/2/4/5 mutant had 

a similar aperture to that of wildtype plants, whereas gad2-1 constantly had more opened 

stomata (Fig. 1A, 2A).  
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Since the influence of both factors on stomatal aperture were of interest, a Two-way 

ANOVA was interpreted. Under 1hr of ABA treatment, showed that both 2.5 µM and 5 µM 

ABA closed stomata of each genotype (Fig 1B), suggesting that the depletion of GABA 

synthesis in gad2-1 and gad1/2/4/5 mutants did not prevent the genotypes from being ABA 

responsive; however, the final apertures achieved by the same ABA treatment was not 

identical between genotypes (Fig 1A). For each genotype, treatment with either 2.5 or 5 

µM ABA closed stomata to a similar level, with no significant difference between the two 

doses of ABA (Fig. 1B). To clarify the effect of ABA, the stomatal closing extent were 

calculated as a percentage using Equation 1. Stomatal aperture of gad2-1 closed to a 

lesser extent compared to that of other genotypes in response to 5 µM ABA (Suppl. Fig. 

4A). To be specific, 2.5 µM ABA caused a closure of between 40-50% of the stomatal width 

of all genotypes, while 5 µM ABA had a greater effect in WT (54.3 ± 0.03%) and gad1/2/4/5 

(57.4 ± 0.02%) but not in gad2-1 (37.7 ± 0.03%) (Suppl. Fig. 4A).  

𝐶𝑙𝑜𝑠𝑖𝑛𝑔 𝑒𝑥𝑡𝑒𝑛𝑡 =
 (𝑎𝑖 − �̅�𝐶𝑡𝑟𝑙)

�̅�𝐶𝑡𝑟𝑙
             Equation 1 

• ai: Individual stomatal width; 

• āCtrl: Mean stomatal width of the genotype under control condition. 
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Figure 1. Stomatal width of WT, gad2-1 and gad1/2/4/5 following ABA induced stomatal 

closing, with 1 hr of ABA treatment.  

A. Comparing dose effects of ABA on stomatal aperture of WT, gad2-1 and gad1/2/4/5 under 

constant light conditions. B. Comparing stomatal aperture of WT, gad2-1 and gad1/2/4/5 after the 

same concentration of ABA treatment under constant light. In the control group, n = 109 for WT, n 

= 107 for gad2-1, n = 114 for gad1/2/4/5; In 2.5µM ABA group, n = 113 for WT, n = 111 for gad2-

1, n = 110 for gad1/2/4/5; In 2.5µM ABA group, n = 122 for WT, n = 120 for gad2-1, n = 145 for 

gad1/2/4/5. The box plots indicate median ±data-range. Asterisks indicate significant difference 

between genotype under same ABA dose (A) and between different ABA doses of each genotype 

(B) after Two-way ANOVA. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

When the duration for ABA treatment was increased to 2 hr (Fig. 2), gad2-1 still showed 

significantly more open stomata than the other two genotypes regardless of ABA 

supplement (Fig. 2A). The single mutant had a lower extent of stomatal closing (38.7 ± 

0.02% with 2.5 µM ABA, 46.6 ± 0.02% with 5 µM ABA) than that of WT (49.3 ± 0.03% with 

2.5 µM ABA, 53.8 ± 0.02% with 5 µM ABA) and gad1/2/4/5 (52.7 ± 0.03% with 2.5 µM ABA, 

62.3 ± 0.02% with 5 µM ABA) (Suppl. Fig. 2B). Two way ANOVA indicated a correlation 

effect between genotypes and ABA treatment only with 2 hr ABA treatment, F (4, 1179) = 

3.341, p <0.05, g
2 = 0.011 for 2 hr treatment; F (4, 1042) = 2.343, p =0.053, g

2 = 0.010 

(Fig. 1, 2). This was probably due to an increased difference between gad2-1 to WT and 

gad1/2/45 (Suppl. Fig. 2). Thus, all further experiments were conducted under 2 hr of ABA 

treatment unless otherwise specified.  

 

Stomatal development on single leaves of plants varies (Geisler and Sack 2002), 

considering the influence of stomatal length on the pore dimension, stomatal width/length 
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ratio were also measured. Data representing stomata aperture width or width-to-length ratio 

gave similar results, suggesting that stomatal morphology and development was probably 

not altered in any of these mutants (Fig. 1, 2 and Suppl. Fig. 1, 3). Stomatal width thereby 

is enough to represent an accurate parameter for stomatal opening in our experiments, 

therefore further experiments use stomatal width only. 
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Figure 2. Stomatal width of WT, gad2-1 and gad1/2/4/5 following ABA induced stomatal 

closing, with 2 hr of ABA treatment.  

A. Comparing dose effects of ABA on stomatal aperture of WT, gad2-1 and gad1/2/4/5 under 

constant light. B. Comparing stomatal aperture of WT, gad2-1 and gad1/2/4/5 after the same 

concentration of ABA treatment under constant light. In control group, n = 131 for WT, n = 146 for 

gad2-1, n = 129 for gad1/2/4/5; In 2.5 µM ABA group, n = 125 for WT, n = 137 for gad2-1, n = 124 

for gad1/2/4/5; In 5 µM ABA group, n = 133 for WT, n = 134 for gad2-1, n = 129 for gad1/2/4/5. 

The box plots indicate median ±data-range. Asterisks indicate significant difference between 

genotype under same ABA dose (A) and between different ABA doses of each genotype (B) after 

Two-way ANOVA. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Stomatal response of gad1/2/4/5/GC1:: GAD2Δ to ABA  

Previously, it has shown that guard cell specific complementation of GAD2Δ by the GC1 

promoter for gad2-1 and gad1/2/4/5 (respectively designated gad2-1/GC1:: GAD2Δ and 

gad1/2/4/5/GC1:: GAD2Δ) led to different outcomes (Chapter IV, Fig. 9). gad2-1/GC1:: 

GAD2Δ restored wildtype-like stomatal aperture, stomatal conductance and water loss (Xu 

et al. 2021); whilst gad1/2/4/5/GC1:: GAD2Δ increased stomatal conductance greater than 

WT and gad1/2/4/5, close to that of gad2-1 (Chapter IV, Fig. 9). To examine whether 

expression of GAD2 in gad1/2/4/5 altered stomatal sensitivity to ABA, an epidermal peel 

assay was conducted on WT, gad2-1, gad1/2/4/5 and gad1/2/4/5/GC1:: GAD2Δ. Two-way 

ANOVA indicated that stomatal opening in the gad1/2/4/5/GC1:: GAD2Δ line was 

significantly lower than that of gad2-1, but greater than WT and gad1/2/4/5 (Fig. 3A). 

Differences between stomatal aperture of gad2-1 and gad1/2/4/5/GC1:: GAD2Δ to that of 

WT and gad1/2/4/5 showed significance regardless of ABA application (Fig, 3A). As for 
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stomatal response to serial ABA doses within each genotype (Fig. 3B), 100 nM ABA was 

effective to trigger stomatal closure; and a 1.5 µM dose further closed stomata to a similar 

extent with a 2.5 µM dose (Fig. 3B). The effect of ABA across different genotypes were 

compared using a closing extent, and the result indicated that increasing ABA 

concentration closed stomata of WT, gad1/2/4/5 and the complemented line – between 

35% to 70%. While gad2-1 always had a lower stomatal closing percentage than WT and 

gad1/2/4/5, this was not the case when 2.5 µM ABA was applied, where such significance 

only existed comparing gad2-1 (50.4 ± 0.03%) to WT (71.2 ± 0.02%) and gad1/2/4/5 (72 ± 

0.03%), but not to gad1/2/4/5/GC1:: GAD2Δ (62.1 ± 0.03%). The complemented line also 

had a lower closing extent under 2.5 µM ABA treatment, and there was no significant 

difference between that in gad2-1 and gad1/2/4/5/ GC1:: GAD2Δ after Two-Way ANOVA, 

F (9,1401) = 3.540, p <0.05, g
2 = 0.022. (Suppl. Fig. 4A).  

 

Given that stomatal aperture of gad2-1 and gad1/2/4/5/GC1:: GAD2Δ was significantly 

larger under control conditions - when calculating the closing extent - the larger divisor (āCtrl) 

could contribute to the smaller closing extent of these genotypes. Thus, to see how exactly 

ABA influences stomatal opening across all genotypes, the actual closing extent of stomatal 

aperture (difference between ABA treated group to the control group) was calculated 

(Suppl. Fig. 4B). Surprisingly, the ABA triggered stomatal change (in µm) was similar in all 

genotypes, except when 1 µM ABA was applied, gad1/2/4/5/GC1:: GAD2Δ stomata had an 

average closure of 2.09 ± 0.093 µm, which is significant bigger than that of gad2-1 (1.89 

µm ± 0.086) (Suppl. Fig. 4B). Further experiments are required to confirm such significance. 
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Figure 3. Dose effect of ABA on stomatal closing of WT, gad2-1, gad1/2/4/5 and gad1/2/4/5/ 

GC1:: GAD2Δ.  

Stomatal aperture of plants after 2hr exposure to different doses of ABA under constant light 

conditions compared among genotypes (A) and ABA dose effect is compared within the same 

genotype (B). In the control group, n = 113 for WT, n = 127 for gad2-1, n = 126 for gad1/2/4/5, n = 

133 for gad1/2/4/5/GC1:: GAD2∆; In 0.1 µM ABA group, n = 83 for WT, n = 109 for gad2-1, n = 

115 for gad1/2/4/5, n = 122 for gad1/2/4/5/GC1:: GAD2∆; In 1 µM ABA group, n = 74 for WT, n = 

101 for gad2-1, n = 68 for gad1/2/4/5, n = 74 for gad1/2/4/5/ GC1:: GAD2Δ; In 2.5 µM ABA group, 

n = 39 for WT, n = 44 for gad2-1, n = 39 for gad1/2/4/5, n = 50 for gad1/2/4/5/GC1:: GAD2∆, n = 

46 for WT, n = 36 for gad2-1, n = 35 for gad1/2/4/5, n = 35 for gad1/2/4/5/GC1:: GAD2Δ responded 

to different level of ABA. The box plots indicate median ± min-max. Asterisks indicate significant 

difference between different pharmacological treatments of each genotype including watered 

control after Two-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Sensitivity of gad1/2/4/5 to ABA and its impact on drought tolerance 

Previous research on creeping bentgrass (Agrostis stolonifera) found that a spray of 0.5 

mM GABA mimicked the effect of a (5 µM) ABA spray on improving water availability in 

leaves under drought stress (Li et al. 2017); similar results were also obtained for 

Phaseolus vulgaris L (Abd El-Gawad et al. 2020). As suggested in chapter II (Suppl. Fig. 

3, 11), GABA may interact with ABA signalling during stomatal regulation. Since ABA is a 

key hormone for plant adaptation to drought stress (McAdam and Brodribb 2018), 

gad1/2/4/5 was employed to examine the effect of ABA on stomatal regulation when the 

capacity of the GABA shunt to produce GABA was abolished. WT and gad1/2/4/5 plants 

were sprayed with 0.5 mM GABA (close to the physiological concentration of GABA in 
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Arabidopsis  tissue under normal conditions, i.e. ~0.1-1 mM) (Miyashita and Good 2008, 

Scholz et al. 2015, Jalil et al. 2019, Xu et al. 2021), ABA or a combination of both treatments 

during well-watered and drought conditions. Water content was measured after 6-days of 

continuous treatment to evaluate the pharmacological effect of GABA and ABA and its 

interaction with knockout of the GABA shunt pathway (Fig. 4). Under well-watered 

conditions, WT and the quadruple gad mutant exposed to all treatments had the same 

relative water content (Fig. 4A). When withholding water, the application of 0.5 mM GABA 

itself did not change water content compared to non-GABA treatment within the same 

genotype; withholding water resulted in a significantly lower leaf water content than a well-

watered treatment regardless of GABA application (Fig. 4B). Spraying ABA following 

drought treatment maintained leaf water content to a similar level compared to leaves under 

well-watered conditions, which were significantly higher than the drought treatment without 

ABA spray (Fig. 4B). The quadruple gad mutant was somewhat different, where ABA-

improved water retention under drought was statistically attenuated when compared to the 

well-watered condition. This suggests that gad1/2/4/5 may respond to ABA differently from 

wildtype seedlings following diurnal cycles and a stress treatment (Fig. 4B). Interestingly, 

when examining the impact of combined treatment of GABA together with ABA, the WT 

plants exposed to the combined treatment still had significantly increased water content 

compared to the drought control, whereas water content of gad1/2/4/5 plants treated with 

both GABA and ABA was insignificant from the drought treated control plants (Fig. 4B). 

However, when directly comparing the effect of spraying GABA, it had no impact on water 

content in either genotype when compared to the straight ABA treated plants, nor did ABA 

spray further improve water availability of both the GABA-sprayed WT and gad1/2/4/5 

mutant (Fig. 4B). Collectively these results suggest that GABA has little impact on the ability 

to retain water when challenged with a simultaneous ABA treatment, at these 
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concentrations in the experimental system employed, which contrasts with when 2 mM 

GABA was applied to epidermal peels and inhibited 2.5 µM ABA induced stomatal closure. 

However, the ABA and GABA sensitivity of plants is subtly altered when plants have the 

GABA shunt pathway severely impaired in gad1/2/4/5. Therefore, the effects of ABA on 

gad1/2/4/5 on stomatal opening were examined (Fig.5).  
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Figure 4. Effect of GABA and ABA on water content of WT and gad1/2/4/5. 

Water content of WT and gad1/2/4/5 after 6 days of pharmacological treatment with 0.5 mM GABA 

and/ or 5 µM ABA under watered (A) and drought (B) conditions. 5 plants of each genotype under 
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the same treatment were sampled for water content. Asterisks in black indicate significant 

difference between different pharmacological treatments of each genotype including watered 

control after Two-way ANOVA, FInteraction (4, 40) = 0.5446, p = 0.7039; FGenotypes (1, 40) = 0.2549, p 

= 0.6164; FTreatment (4, 40) = 40.17, p < 0.0001. Asterisks in red indicate significant difference 

between different pharmacological treatments of each genotype excluding watered control after 

Two-way ANOVA, FInteraction (3, 32) = 0.5401, p = 0.6583; FGenotypes (1, 32) = 0.3731, p = 0.5456; 

FTreatment (3, 32) = 18.36, p < 0.0001. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Influence of GADs on ABA inhibition of stomatal opening 

The gad2-1 mutant altered the extent to which ABA closes stomatal pores compared to 

wildtype plants; however, such altered sensitivity in gad1/2/4/5 appeared to be recovered 

back to wildtype levels (Fig. 1, 2). The use of double and triple gad mutants would be 

expected to inform which of the mutations in GAD(s) reverted gad2 back to a wildtype 

phenotype. Epidermal strip assays were conducted under a dark to light transition to 

examine the interaction between GABA and ABA (Fig. 5, 6). Comparing the treatment effect 

within genotype (Fig. 5A), the dark-to-light transition opening of stomata was significantly 

inhibited by ABA in all lines. Interestingly, in gad2/4, the GABA and ABA co-treatment had 

significantly more open stomata than that of the ABA treated group (Fig. 5A, first panel at 

the bottom). When comparing the effect of pharmacological treatments between genotypes 

(Fig. 5B), gad2-1 had significantly more opened stomata compared to other genotypes 

under control conditions. When 0.5 mM GABA was applied, such differences were only the 

case when comparing stomatal aperture width of gad2-1 to that of gad1, gad4, gad2/4 and 

gad1/2/4/5. Besides, gad1/2/4 and gad1/2/5 had more opened stomata than that of gad4 

and gad1/2/4/5. As for the ABA-treated group, both gad2-1 and gad1/2/4 had more opened 
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stomata than that of gad1, gad2/4 and gad1/2/4/5. When GABA and ABA were treated 

together, stomatal aperture was larger in WT than that of gad1 and gad4 (Fig. 5B).  

 

Since Two-way ANOVA indicated the pharmacological treatment had a significantly 

different impact on stomatal aperture (considering statistical variance of both contribution 

of GABA and ABA to data variance) (F (3,4517) = 225.285, p < 0.001, g
2 =0.130 ), and that 

the relationship between the treatment and stomatal width depends on the genotypes (Two-

Way ANOVA, F (21, 4517) = 4.113, p < 0.001, g
2 = 0.019), further analysis was conducted 

using three-way ANOVA to elucidate the effect of ABA and GABA individually to explain 

the change in significance in Fig. 5B (Fig. 6 ). The result indicated that both ABA and GABA 

could significantly influence the stomatal aperture of plants (Three-Way ANOVA, F (7, 4517) 

= 4.333, p < 0.0001, g
2 = 0.007). The result confirmed that ABA reduced the stomatal pore 

width in all genotypes regardless of the presence of GABA (Fig. 6A), whereas GABA’s 

effect on stomatal regulation alone varied in different genotypes and was ABA-dependent. 

Interestingly, 0.5 mM GABA enhanced stomata opening in WT, gad1, gad1/2/4 and 

gad1/2/5 compared to control conditions (by 16.4 ± 0.05%, 20.9 ± 0.05%, 21.4 ± 0.05% 

and 14.7 ± 0.03% respectively), despite no statistical difference between genotypes within 

the same treatment (Fig. 6B, upper panel, Suppl. Fig. 7). When ABA was added, such 

effect was still the case in WT (17.6% increase, GABA + ABA vs. ABA) but not in the three 

mutants when ABA was added. Furthermore, GABA in addition to ABA could increase 

stomatal aperture in gad2/4 and gad1/2/4/5, where GABA application reduced the ABA 

effect by 24.4 ± 0.04% and 17.9 ± 0.04% respectively in the two mutants (Fig. 6B, Suppl. 

Fig. 5).  
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Figure 5. Pharmacological effect of GABA and ABA on multiploid mutants of GADs. 

Stomatal aperture width of Arabidopsis with exogenous GABA and/ or ABA under dark-light 

transition comparing between treatments for each genotype (A) and between genotypes under 

same treatment (B). Asterisks indicated significance after Two-way ANOVA comparing the 

between genotypes (A) or treatments (B). For control group, n=210 for WT, n=198 for gad1, n=201 

for gad2-1, n=193 for gad4, n=173 for gad2/4, n=187 for gad1/2/4, n=187 for gad1/2/5, n=199 for 

gad1/2/4/5; For 0.5mM GABA group, n=128 for WT, n=153 for gad1, n=142 for gad2-1, n=150 for 

gad4, n=131 for gad2/4, n=129 for gad1/2/4, n=186 for gad1/2/5, n=104 for gad1/2/4/5; For 0.5µM 

ABA group, n=108 for WT, n=115 for gad1, n=117 for gad2-1, n=85 for gad4, n=108 for gad2/4, 

n=115 for gad1/2/4, n=122 for gad1/2/5, n=117 for gad1/2/4/5; For 0.5mM GABA+ 0.5µM ABA 

group, n=139 for WT, n=120 for gad1, n=133 for gad2-1, n=115 for gad4, n=130 for gad2/4, n=129 

for gad1/2/4, n=98 for gad1/2/5, n=127 for gad1/2/4/5. The box plots indicate median ±data-range. 

Asterisks indicate significant difference between treatments of each genotype (A) and between 

genotype under treatment (B) after Two-way ANOVA. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 

0.001; ****, p < 0.0001. 
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Figure 6. Effect of GABA and ABA individually on stomatal opening of multiploid mutants 

of GADs. 

Effect of GABA individually on stomatal opening of higher order of mutants of GADs (A) and effect 

of ABA individually on stomatal opening of higher order GAD mutants (B). Asterisks indicated 

significance after three-way ANOVA comparing the effect of GABA (A) or ABA (B) on each 

genotype. For control group, n=210 for WT, n=198 for gad1, n=201 for gad2-1, n=193 for gad4, 

n=173 for gad2/4, n=187 for gad1/2/4, n=187 for gad1/2/5, n=199 for gad1/2/4/5; For 0.5mM GABA 

group, n=128 for WT, n=153 for gad1, n=142 for gad2-1, n=150 for gad4, n=131 for gad2/4, n=129 

for gad1/2/4, n=186 for gad1/2/5, n=104 for gad1/2/4/5; For 0.5µM ABA group, n=108 for WT, 

n=115 for gad1, n=117 for gad2-1, n=85 for gad4, n=108 for gad2/4, n=115 for gad1/2/4, n=122 

for gad1/2/5, n=117 for gad1/2/4/5; For 0.5mM GABA+ 0.5µM ABA group, n=139 for WT, n=120 

for gad1, n=133 for gad2-1, n=115 for gad4, n=130 for gad2/4, n=129 for gad1/2/4, n=98 for 

gad1/2/5, n=127 for gad1/2/4/5. The box plots indicate median ±data-range. Asterisks indicate 

significant effect of 0.5mM GABA on stomatal opening of each genotype (A) and effect of 5 µM 

ABA on stomatal opening of each genotype (B) after Two-way ANOVA. p = 0.005. *, p < 0.05; **, 

p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

Discussion 

gad2-1 has a higher ABA threshold for stomatal closure     

Previous research indicates that ABA induced stomatal closing was impaired in gad2 

(Chapter II). In this chapter, however, the result indicates that the actual change in stomatal 

aperture width of gad2 was similar to the other higher order mutants and WT, to that of WT 

and gad1/2/4/5 in response to ABA under constant light (Suppl. Fig. 4B). This suggests the 
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lesser closing extent of gad2-1 (Suppl. Fig. 4A) is likely caused by the elevated base level 

of stomata opening in gad2-1, instead of a lack of ability in closing aperture (Fig. 1-2, Suppl. 

Fig. 4, 6). This is consistent with the result in chapter II, where higher concentrations of 

ABA were required to close stomata in gad2-1 caused by de-regulation of ALMT9-mediated 

anion uptake into guard cell vacuoles (Chapter II, Suppl. Fig. 14) (Xu et al., 2021). After 

analysing ABA efficacy on WT, gad2-1 and gad1/2/4/5 (Suppl. Fig 6-8), the result 

suggested a possible higher EC50 of gad2-1 (24.72 ± 0.083 µM) than that of WT (8.78 ± 

0.087 µM) and gad1/2/4/5 (4.29 ± 0.0 µM) after linear scaling (Suppl. Fig. 6A). However, 

more data replicates at each ABA concentration are required in future experiments to 

acquire reliable mean ± SD, which will help increase confidence (R square) of the 

regression analysis and thus given more reliable prediction of EC50 of ABA on stomatal 

closing, especially when comparing WT and gad1/2/4/5.  

 

This all said, guard-cell specific complementation of GAD2Δ, which also led to higher 

stomatal conductance and enlarged stomata of gad1/2/4/5 (Fig. 3), also had similar change 

in stomatal aperture in response to ABA to that of WT, gad2-1 and gad1/2/4/5 (Suppl. Fig. 

4A). This suggests that the complementation or disruption of GABA synthesis components 

do not alter plant response to ABA in closing stomata under constant light, as ABA closes 

stomata in those mutants and complementation plants (Fig. 1-3). Thus, ABA induced 

stomatal closing under constant light may not be the optimal condition to explore the cause 

of variance between the mutants. 
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Exogenous GABA application impaired stomatal opening differentially 

across gad mutants 

The result in Chapter II indicated that GABA (2 mM) impaired induced stomatal opening in 

Arabidopsis  WT (Chapter II, Fig. 2A) – 2 mM GABA are stress induced like concentrations 

of GABA (Xu et al. 2021). In the present study, most of our data compared the stomatal 

aperture and conductance under a non-stressed condition. Thus, stomatal aperture of WT 

and mutant lines were measured with application of standard ‘resting’ concentrations of 

GABA (0.5 mM) instead (Li, Z. et al. 2016, Wang et al. 2017)(Chapter IV, Fig.1E). In this 

scenario, 0.5 mM GABA supplement may only cause GABA overaccumulation in WT; 

instead it may only restore GABA accumulation in gad1/2/4/5 to resting levels (Scholz et 

al. 2015, Xu et al. 2021), close to WT under non-stressed conditions.  

To our surprise, the data suggested that aside for reducing stomatal opening at stress-

induced level, which improves plant acclimation to drought (Chapter II, Fig 4, 5), GABA 

application at this lower concentration enhanced light-induced stomatal opening in WT, 

gad1, gad1/2/4 and gad1/2/5, which resulted in the stomatal apertures of those genotypes 

being insignificant from gad2-1 (Fig. 6). This type of effect resembles many plant signal 

molecules, such as ABA and ROS, where varied concentrations of the molecule can either 

boost or limit plant growth (Huang et al. 2019, Miao et al. 2021). Recently, it was shown in 

Arabidopsis that mutation of the least predominant homologue GAD3 led to increased 

sensitivity of plants to combined stress of high light and heat (Balfagón et al. 2021). In WT, 

plants had higher stomatal conductance, which can help cooling and maintaining plant 

temperature. While this (higher conductance) possibly may not be the case in gad3, and 
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thus led to increased vulnerability to stress. Repeat experiments are required to confirm 

enhancing effect of GABA at physiological level in Arabidopsis. 

GAD mediated GABA homeostasis regulates stomatal movement  

In the WT and gad2-1 backgrounds, increased levels of GABA either by exogenous 

application or by transgenic manipulation of GAD2 expression led to reduced stomatal 

opening (Chapter II, Fig. 4-5). However, complementation of GABA synthesis via GC1:: 

GAD2Δ in gad1/2/4/5 resulted in an increase in stomatal aperture and stomatal 

conductance (Fig. 4, Chapter IV, Fig. 9). This suggests that further mutation in gad2 

particularly in GAD1, GAD4 and/or GAD5 altered stomatal responses in gad1/2/4/5, 

possibly via change in ion (such as, malate2-, Cl– or  K+) or metabolites (such as proline, 

dicarboxylates) balance in plants (Mekonnen 2017). Such a hypothesis is also supported 

by pharmacological treatment during epidermal strip assays (Fig.5,6). In this experiment 

0.5 mM GABA promoted light induced stomatal opening of WT regardless of application of 

ABA, while such an effect on mutant lines varied and is ABA-dependent (Fig. 6A).  

Recently, it was found in citrus that exogenous application of GABA could lead to increased 

hormone concentrations in the leaves (Hijaz et al. 2018). The fact that in mutant lines, gad1, 

gad1/2/4 and gad1/2/5 respond to GABA without ABA, whereas gad2/4 and gad1/2/45 did 

such with ABA application, indicates there may be an impairment in hormone 

synthesis/response in mutant plants. On the other hand, daily topical application of 0.5 mM 

GABA during drought did not suggest that GABA opens stomata (Fig. 4). This is probably 

due to an accumulated GABA level sprayed daily during the process, or ABA 

concentrations building up and closing stomata (Jakab et al. 2005, Priya et al. 2019). A 
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dose-dependent effect analysis of GABA on stomatal movement are required to further 

verify this hypothesis. 

Possible interaction of GABA during ABA inhibited stomatal opening 

Although ABA inhibited stomatal opening in all the genotypes, the extent of inhibition 

differed (Fig. 7). ABA inhibited 59.7 ± 0.03% of stomatal opening in gad2/4 (showed 

significance to WT, gad4, gad1/2/4 and gad1/2/5), but only 18.5% ± 0.05% in gad1/2/4 

(showed significance to gad1, gad2-1 and gad1/2/4/5). If the effect of GABA and ABA on 

stomatal movement is independent in those two mutant lines, then GABA (21.4 ± 0.05%) 

+ ABA (-18.5 ± 0.05%) should result in a net change of only a 2.9 % increase in stomatal 

opening in gad1/2/4, while GABA+ABA actually led to a 32.5 ± 0.04% reduction of stomatal 

opening (Suppl. Fig. 5B). Similarly, a net change between GABA (-2.0 ± 0.04%) + ABA (-

59.7 ± 0.03%) for gad2/4 should result in a net reduction of opening of 61.7%, however, 

the actual effect of the combined treatment on gad2/4 led to a 35.3 ± 0.04% reduction of 

stomatal opening. In the case of gad1/2/4//5, a net change between GABA (-3.8 ± 0.05%) 

+ ABA (-46.3 ± 0.04%) should result in a net reduction of opening of 50.1%, while the actual 

effect of the combined treatment was a 28.4 ± 0.05% reduction of stomatal opening. The 

difference between net and combined effect GABA + ABA was less different in WT (Fig. 

7). This suggests that normal function of GAD2 and GAD4 are required in ABA signalling 

during light induced stomatal opening, and the loss of GAD1 reversed the ABA efficacy by 

the loss of GAD2 and 4. In this case, GAD1 can alter the contribution of GAD2 and 4, 

although GAD1 is predominantly expressed in roots. It may also suggest that the loss of 

GAD1 may also shift root sensitivity to ABA-sensitivity. Thereby primary root elongation 

was measured. Experiments were conducted on WT, gad1, gad2-1, gad4 and gad1/2/4/5. 
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No significant difference was detected from these genotypes (Suppl. Fig. 9, 10; Tab. 1-2). 

Preliminary experiments on seedling developing suggests a delayed influence of ABA on 

emergence of root hairs (Suppl. Fig.11B), but not on seed germination (Suppl. Fig.11B). 

Due to time limitation, experiments on gad2/4 and gad1/2/4 were not conducted. 

 

Figure 8. Relative stomatal change of WT and gads mutants in stomatal opening. 

The bar graph summarises relative stomatal change (with respect to the control condition of each 

genotype) of plants during light induced stomatal opening in response to pharmacological 

treatment from Figure 5. Relative stomatal change was calculated relative to stomatal aperture 

under control condition of each genotype, where positive values indicate more opened stomata 

than that under control condition, negative values indicate the opposite. Neat (ABA & GABA) 

represents net effect of ABA and GABA calculated by summation of the mean effect of ABA and 

GABA on each genotype respectively. 

In summary, the different GADs may fulfil particular roles in response to different conditions 

(Tab.1), which may undergo cross talk with GABA with other signalling networks in guard 
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cells. For example, GAD4 might be involved in changing the impact of endogenous ABA 

concentration (Urano et al. 2009). GAD1 may be mediating ABA signalling via response to 

ROS signalling in chloroplast (Maruta et al. 2013). And GAD2 may maintain GABA level in 

guard cells, targeting ALMTs in guard cells in buffering stomatal movement in response to 

changing environment as shown in Chapter II. Repeats in epidermal peel assays would be 

pertinent to further investigate the promoting effect of the physiological level of GABA on 

stomatal opening. More information is required to interpret the role of the GAD homologues 

in altered sensitivity to ABA inhibited stomatal opening and GABA promoted stomatal 

opening based on the results so far. Certainly, the sensitivity to ABA in serial gad mutants 

will be required to be examined by other techniques, such as real-time recording of stomatal 

conductance of detached leaves fed by artificial xylem sap solution using infrared gas 

analyser LiCor LI-6400 (Conn et al. 2013, Xu et al. 2021). 

Table 1. Summary genotypes and stomatal phenotypes of plants with varied GAD 

expression. 

In genotype section, +/- indicate existence or absence of native GAD gene (s). In phenotype 

section relative stomatal aperture and conductance with significant different to WT were indicated. 

Average change in stomata aperture with significance in response 0.5 mM GABA with or without 

2.5 µM ABA was illustrated, ↑ indicates increase in stomatal aperture. "n.s.”  indicates not 

significant. 

 



Chapter V Investigating GABA-ABA crosstalk during stomatal regulation    189 

 

 

Genotype contains Phenotype 

 GAD1 GAD2 GAD4 GAD5 
Stomatal 
aperture/ 
relative to WT 

Stomatal 
conductance/ 
relative to WT 

Effect of 0.5 
mM GABA 

Effect of 0.5 
mM GABA 
+2.5 µM ABA 

WT + + + + 1 1 0.23 µm ↑ 0.25 µm ↑ 

gad1 - + + + n.s. n.s. 0.28 µm ↑ n.s. 

gad2-1 + - + + 1.448 1.499 n.s. n.s. 

gad4 + + - + n.s. 1.984 n.s. n.s. 

gad1/2 - - + + not measured 1.659 not measured 
not 
measured 

gad2/4 + - - + n.s. 1.516 n.s. 0.37 µm ↑ 

gad1/2/4 - - - + n.s. n.s. 0.30 µm ↑ n.s. 

gad1/2/5 - - + - n.s. n.s. 0.21 µm ↑ n.s. 

gad1/2/4/5 - - - - n.s. n.s. n.s. 0.26 µm ↑ 

gad1/2/4/5 
/GC:: GAD2Δ 

- 
GC:: 
GAD2Δ 

- - 1.177 2.015 not measured 
not 
measured 

 

Material and methods 

Epidermal peel assay 

For stomatal aperture measurements, epidermal strips were peeled from the abaxial side 

of mature leaves of 4-6 weeks old plants, and immediately floated on KCl-MES buffer (10 
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mM MES, 10 mM KCl, 5 mM Malate, pH 6.0 adjusted with Tris base) (Xu et al. 2021). For 

ABA induced stomatal closing, epidermal peels were incubated in KCl-MES buffer and 

placed under light (200 μmol  μmol photons m-2 s-1) for 2 hr to open stomata. Then 

epidermal strips were transferred into new buffer with or without ABA supplement for 

another 2 hr before imaging, as indicated in the figure legend. For dark to light transition, 

epidermal peelings were incubated in KCl-MES buffer and placed under dark for 1.5 hr to 

close stomata before ABA ((±)-Abscisic acid, Sigma-Aldrich) or GABA (γ-Aminobutyric 

acid, Sigma-Aldrich) was added into the buffer, and the epidermis was kept under dark for 

another 0.5 hr, and then 2 hr under light (200   μmol photons m-2 s-1) before taking images 

under a microscope. Stomata status were captured under Zeiss Axiophot Fluorescence 

Phase Microscope. Stomatal measurement was undertaken by ImageJ. Stomatal width, 

stomatal width/length ratio and stomatal area was measured in this experiment through 

ImageJ as described in Suppl. Fig. 3. 2 leaves per plant and 3 plants per genotype were 

used in each experiment. Stomatal conductance was measured with AP4 porometer 

(Delta-T Devices Ltd). 4 leaves of each plant from 5-6 biological replicate plants were 

measured. 

Regression analysis 

For the best fit of regression of stomata aperture data, both available models, linear and 

polynomial were used for nonlinear least square regression. The available model was 

chosen based on the prediction of dose effect of ABA on stomatal closing of Arabidopsis 

(Suppl. Fig. 8-9). This was based on publication and a scatter plot of the data distribution, 

where there should be two plateau phase at extreme low concentration of ABA (stomata 
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are still opened) and relative high concentration of ABA (stomata cannot close more with a 

further increase dose of ABA) (Pantin et al. 2013). Several models were compared, and 

the best fit model, the sigmoidal dose-response curve (Suppl. Fig. 5A) in our case, was 

used for further analysis. The model requires containment of maximum and minimum level 

of the targets, stomatal opening, relative closing extent and change in stomata width. This 

was done by constrain the parameter based on setting set-off data point, e.g., relative 

stomatal opening at 0 µM ABA should be 1. For polynomial regression, the order was 

decided by comparing the p value of coefficients after analysing the data with different order 

of polynomial. In our case, third polynomial regression provides significance in the 

coefficients and minimum sum square of error (Ritz and Streibig 2008). Finally, both 

methods were valued by comparing the sum square of error and R square. Final regression 

analysis was performed using GraphPad Prism version 8.0.0 for Windows (GraphPad 

Software, San Diego, California USA). 

Regression analysis on primary root elongation and stomatal aperture 

For primary root elongation, seeds of each genotypes were sown on ½MS medium 

(Murashige and Skoog medium, Duchefa-Biochemie; 1% Sucrose, Chem-supply; 0.8% 

Phytagel, Sigma Aldrich), and stratified at 4°C for 4 days. The petri dishes were then put 

vertically under short/ long -day conditions with a light intensity of 70 μmol photons m-2 s-1. 

Seedlings aged 2-3 days with similar leaf size and root length were transferred to ½MS 

medium containing varied concentration of ±-ABA or GABA. For each pharmacological 

treatment, 12-15 biological replicate plants from 3 petri dishes were used for each 

genotype. Primary root length was measured every 24 hr on scanned pictures with ImageJ. 
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For the best fit of regression of primary root elongation data, both linear regressions were 

attempted (for those with no ABA applied, Suppl. Fig. 9A, E; 10A), and nonlinear least 

square regression (for those with ABA applied, Suppl. Fig. 9C, G; 10C, E) (Araya et al. 

2016). The available model was chosen based on the prediction of dose effect of ABA on 

stomatal closing of Arabidopsis (Suppl. Fig. 9-10). This was based on publication and a 

scatter plot of the data distribution, where there should be two plateau phase at extreme 

low concentration of ABA (stomata are still opened) and relative high concentration of ABA 

(stomata cannot close more with further increase dose of ABA) (Pantin et al. 2013). 

Statistical analysis 

Statistical analysis was conducted in R. For the dataset with only 2 groups, t-test analysis 

was applied. For datasets with multiple groups, homogeneity and normal distribution of 

data in each group are checked. Afterwards, for the dataset with one type of variable, 

ANOVA test was applied first to test if it has significant difference between groups. Then 

multiple comparisons were conducted after Tukey post-hoc tests. And for those with two 

types of variable, ANOVA test was applied first to test if both have significant effects. Then 

multiple comparisons were conducted after Tukey post-hoc tests. Asterisks represent 

statistical significance. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Supplementary materials  
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Supplementary Figure 1. Width/length ratio of WT, gad2-1 and gad1/2/4/5 following ABA 

induced stomatal closing after 1 hr of ABA treatment.  

A. Dose dependent effects of ABA on stomatal aperture of WT, gad2-1 and gad1/2/4/5 under 

constant light. B. Comparing stomatal aperture of WT, gad2-1 and gad1/2/4/5 after the same 

concentration of ABA treatment under constant light. In control group, n = 108 for WT, n = 107 for 

gad2-1, n = 115 for gad1/2/4/5; In 2.5 µM ABA group, n = 114 for WT, n = 109 for gad2-1, n = 112 

for gad1/2/4/5; In 5 µM ABA group, n = 122 for WT, n = 121 for gad2-1, n = 146 for gad1/2/4/5. 

The box plots indicate median ±data-range. Asterisks indicate significant difference between 

genotype under same ABA dose (A) and between different ABA doses of each genotype (B) after 

Two-way ANOVA. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Supplementary Figure 2, Stomatal closing extent of WT, gad2-1 and gad1/2/4/5 to ABA 

induced stomatal closing by ABA treatment. 

A. Comparing dose effects of 1 hr ABA treatment on stomatal aperture of WT, gad2-1 and 

gad1/2/4/5 under constant light condition. In control group, n = 109 for WT, n = 107 for gad2-1 , n 
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= 114 for gad1/2/4/5; In 2.5 µM ABA group, n = 113 for WT, n = 111 for gad2-1, n = 110 for 

gad1/2/4/5; In 2.5 µM ABA group, n = 122 for WT, n = 120 for gad2-1 , n = 145 for gad1/2/4/5. B. 

Comparing dose effects of 2 hr ABA treatment on stomatal aperture of WT, gad2-1 and gad1/2/4/5 

under constant light condition. In control group, n = 131 for WT, n = 146 for gad2-1, n = 129 for 

gad1/2/4/5; In 2.5 µM ABA group, n = 125 for WT, n = 137 for gad2-1 , n = 124 for gad1/2/4/5; In 

5 µM ABA group, n = 133 for WT, n = 134 for gad2-1 , n = 129 for gad1/2/4/5. The bar plots indicate 

mean ± SE. Asterisks indicate significant difference between genotype under same ABA dose after 

Two-way ANOVA. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Supplementary Figure 3. Width/length ratio of WT, gad2-1 and gad1/2/4/5 to ABA induced 

stomatal closing under 2 hr of ABA treatment. 

A. Comparing dose effects of ABA on stomatal aperture of WT, gad2-1 and gad1/2/4/5 under 

constant light. B. Comparing stomatal aperture of WT, gad2-1 and gad1/2/4/5 after the same 

concentration of ABA treatment constant light. In control group, n = 108 for WT, n = 107 for gad2-

1, n = 115 for gad1/2/4/5; In 2.5 µM ABA group, n = 114 for WT, n = 109 for gad2-1, n = 112 for 

gad1/2/4/5; In 5 µM ABA group, n = 122 for WT, n = 121 for gad2-1, n = 146 for gad1/2/4/5. The 

box plots indicate median ±data-range. Asterisks indicate significant difference between genotype under 

same ABA dose (A) and between different ABA doses of each genotype (B) after Two-way ANOVA. p = 

0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Supplementary Figure 4. Stomatal response of WT, gad2-1, gad1/2/4/5 and 

gad1/2/4/5/GC1:: GAD2Δ to ABA induced stomatal closing.  

A. Stomatal closing extent. Bar plot indicated the mean value of percentage closing of stomata in 

each genotype. Asterisks indicate significant difference between genotype under same ABA dose 

after Two-way ANOVA. p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. B. Actual 

closing of stomatal aperture by ABA. Bar plot indicated the mean value of µm closing of stomata 

in each genotype. Asterisks indicate significant difference between genotype under same ABA 

dose after t-test. p = 0.005. **, p < 0.01. In control group, n = 113 for WT, n = 127 for gad2-1, n = 

126 for gad1/2/4/5, n = 133 for gad1/2/4/5/GC1:: GAD2∆; In 0.1 µM ABA group, n = 83 for WT, n 

= 109 for gad2-1, n = 115 for gad1/2/4/5, n = 122 for gad1/2/4/5/GC1:: GAD2∆; In 1 µM ABA group, 

n = 74 for WT, n = 101 for gad2-1, n = 68 for gad1/2/4/5, n = 74 for gad1/2/4/5/GC1:: GAD2∆; In 

2.5 µM ABA group, n = 39 for WT, n = 44 for gad2-1, n = 39 for gad1/2/4/5, n = 50 for 

gad1/2/4/5/GC1:: GAD2∆, n = 46 for WT, n = 36 for gad2-1, n = 35 for gad1/2/4/5, n = 35 for 

gad1/2/4/5/GC1:: GAD2Δ responded to different level of ABA. The bar plots indicate mean ± SE.  
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Supplementary Figure 5. Pharmacological effect of GABA and ABA on multiploid mutants 

of GADs.  

A-B. Relative stomatal change in percentage of WT and GABA deficiency mutants with exogenous 

GABA and/ or ABA under dark-light transition comparing to control group. The bar plot indicates 

mean ± SE of relative stomatal opening to control group (no GABA or ABA applied). For control 

group, n=210 for WT, n=198 for gad1, n=201 for gad2-1, n=193 for gad4, n=173 for gad2/4, n=187 

for gad1/2/4, n=187 for gad1/2/5, n=199 for gad1/2/4/5; For 0.5mM GABA group, n=128 for WT, 
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n=153 for gad1, n=142 for gad2-1, n=150 for gad4, n=131 for gad2/4, n=129 for gad1/2/4, n=186 

for gad1/2/5, n=104 for gad1/2/4/5; For 0.5µM ABA group, n=108 for WT, n=115 for gad1, n=117 

for gad2-1, n=85 for gad4, n=108 for gad2/4, n=115 for gad1/2/4, n=122 for gad1/2/5, n=117 for 

gad1/2/4/5; For 0.5mM GABA+ 0.5µM ABA group, n=139 for WT, n=120 for gad1, n=133 for gad2-

1, n=115 for gad4, n=130 for gad2/4, n=129 for gad1/2/4, n=98 for gad1/2/5, n=127 for gad1/2/4/5. 

Asterisks indicate significant difference between genotype under treatment (A) and between 

treatments of each genotype (B) after turkey’s pos hoc test of Two-way ANOVA. p = 0.005. *, p < 

0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Supplementary Figure 6, Nonlinear regression analysis of ABA efficacy on relative 

stomatal opening of WT, gad2-1 and gad1/2/4/5. 

 A. Sigmoidal regression. The sigmoidal dose-response equation, indicated at the top of the 

regression plot, was chosen base on the prediction of dose effect of ABA on relative stomatal 

opening of Arabidopsis , where there should be two plateau phase at extreme low concentration 

of ABA (stomata are still opened) and relative high concentration of ABA (stomata cannot close 
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more with further increase dose of ABA) (Pantin et al. 2013). Symbols indicated mean ± SE level 

of relative stomatal opening form based on data of individual stomata, solid lines indicate 

regression curve, the coloured region around the line indicates error of regression. Residual, the 

difference between actual and predicted level of relative stomatal opening, was plotted against the 

predicted level of relative stomatal opening and concentration of ABA (C, E). These were to help 

checking fit of regression. B. Third order polynomial regression. Residue plot to both predicted 

relative stomatal opening and concentration of ABA (D, F). The table (G, H) is the output of the 

stats summary of both regressions. Degree of freedom indicates sample size; R square indicates 

ratio of sum squared of error explained by the regression model; residual mean ± SE is the 

standard error of residual (the difference between prediction and observation). Sum of square is 

the sum squared of error of the model, which can be used to compare fit between models.  
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Supplementary Figure 7. Nonlinear least square regression analysis of ABA efficacy on 

relative stomatal opening of WT, gad2-1 and gad1/2/4/5.  

A. Sigmoidal regression on relative stomatal aperture of WT, gad2-1 and gad1/2/4/5 under 

treatment with varied concentration of ABA. Each data point represents the mean ± SE level of 

relative stomatal opening of the genotype under single concentration of ABA based on different 

batch of experiments. B-C. Residual plot to concentration of ABA, and to predicted relative 

stomatal opening level. Each data point represents mean difference between relative stomatal 

opening and the predicted relative stomatal opening for single ABA concentration. D. The table at 

the bottom is the output of the stat summary of the regression. Degree of freedom indicates sample 

size (repeat of experiments). 
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Supplementary Figure 8, Stomatal aperture data of WT, gad2-1 and gad1/2/4/5 used in 

nonlinear regression.  

A-E. Stomatal aperture data of WT, gad2-1 and gad1/2/4/5 after 2 hr of ABA treatment from 

different batch of experiments. In control group, n = 646 for WT, n = 684 for gad2-1, n = 688 for 
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gad1/2/4/5; In 0.1 µM ABA group, n = 166 for WT, n = 212 for gad2-1, n = 218 for gad1/2/4/5; In 

0.5 µM ABA group, n = 172 for WT, n = 148 for gad2-1, n = 154 for gad1/2/4/5; In 0.6 µM ABA 

group, n = 178 for WT, n = 209 for gad2-1, n = 226 for gad1/2/4/5; In 1 µM ABA group, n = 170 for 

WT, n = 183 for gad2, n = 145 for gad1/2/4/5; In 1.5 µM ABA group, n = 227 for WT, n = 230 for 

gad2-1, n = 295 for gad1/2/4/5; In 2.5 µM ABA group, n = 321 for WT, n = 416 for gad2-1, n = 371 

for gad1/2/4/5; In 5 µM ABA group, n = 141 for WT, n = 127 for gad2-1, n = 135 for gad1/2/4/5; In 

10 µM ABA group, n = 80 for WT, n = 91 for gad2-1, n = 94 for gad1/2/4/5; In 15 µM ABA group, n 

= 99 for WT, n = 100 for gad2-1, n = 91 for gad1/2/4/5. 
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Supplementary Figure 9. Primary root elongation of WT and GABA deficient mutants.  

Primary root elongation of plants growing on media containing 0 or 20 µM ABA (A, C, E, G). 

symbols indicate primary root length of individual seedlings, solid line indicate groups without 

GABA treatment, dash lines indicate groups with GABA treatment. Residues against predicted root 

length were plotted to check goodness of fit (B, D, F, H), details of these fit was explained in 

Supplementary Table 1 below. 

Supplementary Table 1. Summary of regression result in Suppl. Fig. 13.  

For linear regression (Suppl. Fig. 9A, C, E, G), linear model was created using Y=a·X+b. Y 

represents primary root length, X represents days after transfer of seedling to new media. a 

indicates slope, i.e., growth rate/ cm·day-1. b indicates intercept of the linear regression line on y 

axis, i.e., initial root length. For nonlinear least square regression (Suppl. Fig. 9B, D, F, H), logistic 

growth model was choosed. df indicates sample amount. YM indicates predicted max root length 

(cm). Y0 indicates initial root length. k indicates the velocity of change form Y0 to YM, in our case 

the velocity indicates how fast primary root elongation stopped after transferring to ABA media. 

SSE indicates sum square of error of the regression. In both regressions, df indicates sample 

amount. R2 indicated confidence of prediction. 
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Light period Genotype 
Linear regression- Ctrl 

df Linear model 

Short Day 

WT 75 Y= 0.639·X +0.306, R2= 0.92 

gad1 79 Y= 0.639·X +0.306, R2= 0.93 

gad2-1 58 Y= 0.639·X +0.306, R2= 0.94 

gad4 79 Y= 0.639·X +0.306, R2= 0.95 

gad1/2/4/5 80 Y= 0.639·X +0.306, R2= 0.96 
       

Genotype 
Nonlinea least square regression-logistic- 20 µM ABA 

df YM Y0 k R2 SSE 

WT 50 3.462 0.6085 0.5184 0.968 1.743 

gad1 57 4.544 0.6408 0.3973 0.9568 3.631 

gad2-1 43 4.925 0.7779 0.3383 0.9271 5.09 

gad4 56 4.229 0.6448 0.393 0.9442 4.158 

gad1/2/4/5 53 3.72 0.6278 0.4795 0.9411 4.001 
        

Light period Genotype 
Linear regression- Ctrl 

df Linear model 

Long Day 

WT 68 Y= 0.747·X +0.407, R2= 0.95 

gad1 69 Y= 0.676·X +0.478, R2= 0.93 

gad2-1 51 Y= 0.709·X +0.387, R2= 0.93 

gad4 71 Y= 0.800·X +0.249, R2= 0.94 

gad1/2/4/5 67 Y= 0.794·X +0.298, R2= 0.95        

Genotype 
Nonlinea least square regression-logistic- 20 µM ABA 

df YM Y0 k R2 SSE 

WT 44 3.935 0.5908 0.3612 0.8524 5.008 

gad1 67 4.381 0.5622 0.4333 0.9524 3.728 

gad2-1 50 4.557 0.5939 0.381 0.9489 2.43 

gad4 54 4.905 0.5626 0.3894 0.9675 1.937 

gad1/2/4/5 47 2.779 0.5693 0.5912 0.8542 5.365 
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Supplementary Figure 10. Primary root elongation of WT and GABA deficient mutants. 

Primary root elongation of plants growing on media containing 0, 10 or 20 µM ABA with or without 

1 mM GABA (A, C, E). symbols indicate primary root length of individual seedlings, solid line 

indicate groups without GABA treatment, dash lines indicate groups with GABA treatment. 

Residues against predicted root length were plotted to check goodness of fit (B, D, F). 
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Supplementary Table 2. Summary of regression result in Suppl. Fig. 10.  

For linear regression (Suppl. Fig. 10A, B), linear model were created using Y=a·X+b. Y represents 

primary root length, X represents days after transfer of seedling to new media. Coefficient indicates 

slope, i.e., growth rate/ cm·day-1. Coefficient b indicates intercept of the linear regression line on y 

axis, i.e., initial root length. For nonlinear least square regression (Suppl. Fig. 10C-E), logistic 

growth model was chosen. df indicates sample amount. YM indicates predicted max root length 

(cm). Y0 indicates initial root length. Coefficient k indicates the velocity of change from Y0 to YM, 

in our case the velocity indicates how fast primary root elongation stopped after transferring to ABA 

media. SSE indicates sum square of error of the regression. In both regressions, df indicates 

sample amount. R2 indicated confidence of prediction. 
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Linear regression- without ABA 

Genotype ABA/ μM GABA/ mM df R 

WT 

0 

0 80 Y= 0.93*X +0.454, R2= 0.94 

1 69 Y= 0.823*X +0.629, R2= 0.93 

gad1 
0 82 Y= 0.908*X +0.396, R2= 0.96 

1 73 Y= 0.963*X +0.396, R^= 0.96 

gad2 
0 76 Y= 0.847*X +0.48, R2= 0.95 

1 70 Y= 0.944*X +0.391, R2= 0.93 

gad1/2/4/5 
0 80 Y= 0.857*X +0.502, R2= 0.95 

1 74 Y= 0.929*X +0.401, R2= 0.92 

Nonlinea least square regression-logistic- with ABA 

Genotype ABA/ μM GABA/ mM df YM Y0 k R2 SSE 

WT 

10 
0 78 9.763 1.15 0.2715 0.9137 19.93 

1 67 7.787 1.023 0.3197 0.9839 2.691 

20 
0 71 7.179 1.184 0.2871 0.8992 12.92 

1 78 8.016 1.184 0.2388 0.9057 12.51 

gad1 

10 
0 77 14.42 1.104 0.224 0.8879 24.01 

1 74 7.387 1.009 0.3264 0.9586 7.827 

20 
0 73 7.022 1.093 0.2963 0.9254 9.511 

1 71 3.776 0.9851 0.441 0.7689 16.32 

gad2 

10 
0 77 7.14 1.003 0.3238 0.9262 14.2 

1 73 4.143 1.008 0.3617 0.7503 19.43 

20 
0 70 6.602 0.9729 0.3271 0.9283 11.15 

1 76 8.716 1.134 0.2799 0.9593 7.904 

gad1/2/4/5 

10 
0 78 8.188 1.035 0.3235 0.9321 16.7 

1 78 7.548 1.056 0.2723 0.9558 6.324 

20 
0 73 6.922 1.174 0.3064 0.9409 7.822 

1 77 8.875 1.058 0.2518 0.9482 7.91 
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Supplementary Figure 11. Seed germination and seedling development of WT and GABA 

deficient mutants. 

A. Seed germination was defined as testa rupture at 24h after exposure to the light on half-MS. B-

C. Seedling development subsequent to seed germination was defined as appearance of root hair 

and greening cotyledons. Symbols represent for average from 50 seeds/seedlings each genotype 

on half MS medium from one experiment. Scale bars: 150 µm. 
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Chapter VI General discussion 

GABA as a non-proteinogenic amino acid is metabolised through the GABA shunt (Bown 

and Shelp 2020). A signalling role of GABA has long been speculated in plants, and it was 

not until recently that potential mechanism by which the GABA signal can be transduced – 

in the ALMT family - was discovered in plants (Ramesh et al. 2015, Ramesh et al. 2018). 

In Arabidopsis, approximately 6 (ALMT4, 6, 9, 12, 13 and 14) out 14 of ALMTs are located 

in guard cells, among which ALMT9 and ALMT12 have well-documented roles in stomatal 

opening and closure respectively (Meyer et al. 2010, Meyer et al. 2011, De Angeli et al. 

2013b, Eisenach et al. 2017). In Chapter II, GABA has been identified as a bona fide signal 

molecule in plants, which modulates stomatal movement in response to stimuli, including 

ABA, light, and drought. Both ALMT9 and ALMT12 appeared to mediate stomatal opening 

and closing sensitivity to GABA (Chapter II). And GABA-ALMT9 modulated stomatal 

opening regulation was further corroborated via site-direct mutagenesis of the putative 

GABA-binding motif within ALMT9, where GABA-insensitive ALMT9 (almt9-2/35S:: 

ALMT9F243CY245C) phenocopied the GABA-deficient mutant (gad2-1) with higher stomatal 

conductance (Chapter III). Previous research suggests that GABA deficiency was 

correlated with the enlarged stomata of the gad1/2 double mutant of the most predominant 

isoforms of GADs in Arabidopsis (Mekonnen et al. 2016). It was refined that such 

correlation was contributed by GAD2 (Chapter II). However, further mutation of GAD4 and 

GAD5 (gad1/2/4/5) in gad1/2 decoupled the correlation between GABA concentration and 

stomatal opening (Chapter IV). The quadruple mutant had a WT stomatal phenotype under 

constant light, dark-light transition, steady state stomatal conductance and drought 

response (Chapter IV), suggesting that the nearly complete blockage of the GABA shunt 
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may alter other physiological parameters, not simply just GABA synthesis, to reverse the 

effects of the gad2 single knockout back to a wildtype phenotype. That being said, guard 

cell specific complementation of GAD2Δ reduced stomatal opening of both WT and gad2 

(Chapter II) but elevated that in gad1/2/4/5 (Chapter IV). The gad1 mutant did not have 

visible stomatal phenotype under conditions tested (Chapter IV), nor did the root 

predominant isoform contribute to varied primary root elongation with or without ABA 

applied (Chapter V). However, preliminary results on ABA-inhibition of stomatal opening 

indicated that further mutation of GAD1 in gad2/4, which had hyper-ABA sensitivity 

compared to that of WT, could significantly reduce ABA sensitivity (Chapter V). These 

results suggest that GAD1 and GAD4, in addition to GAD2, could work cooperatively in 

maintaining homeostasis of GABA, which is required in normal function of stomata in 

response to light and ABA. The following discussion will focus on research gaps which 

need to be explored based on the current study. 

Interaction of GABA with other ALMTs in guard cells 

In Chapter III, it was demonstrated that the putative GABA-binding motif is an asset when 

exploring the GABA-ALMT interaction in regulation of stomatal movement. GC1:: ALMT12 

and GC1:: ALMT12L203CY205C have been constructed to further explore the role of GABA in 

mediating stomatal closing. While it could be more straight forward in the case of ALMT9 

and ALMT12, as these mediate anion transport in predominantly a single direction under 

physiological scenarios (Meyer et al. 2010, De Angeli et al. 2013b), GABA regulation of 

ALMT4 and ALMT6 could be more complicated. The two transporters mediate bidirectional 

transport of anions at the tonoplast and are involved in both opening and closure (Meyer 

et al. 2011, Eisenach et al. 2017). An interesting observation was that stomatal aperture of 
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WT with 2 mM GABA application and almt9-2 with or without GABA gradually increased to 

the similar level of opening with prolonged time of light exposure (Chapter III, Fig. 9; Suppl. 

Tab. 2). These three groups had larger increase in stomatal aperture of around 0.5 µm, 

while that was 0.33 µm WT with no GABA applied (Chapter III, Suppl. Tab. 2). Except for 

Cl-, ALMT9 can also mediate malate into vacuole (De Angeli et al. 2013b). ALMT9 appears 

not to be regulated by ABA (De Angeli et al. 2013b). However, ALMT4 is required for ABA-

activated anion efflux from guard-cell vacuoles (Eisenach et al. 2017) and as GABA-

antagonised ABA-induced stomatal closure and opening (Chapter II, Suppl. Fig. 3; V Fig. 

5), ALMT4 may be involved in such GABA-ABA interaction during stomatal regulation. It 

may also mediate anion influx if the tonoplast is hyperpolarised. To investigate a potential 

GABA-ALMT6 linkage, almt6 should be crossed with gad2 to examine whether the loss of 

ALMT6 can compromise the loss of GAD2 in gas exchange regulation or whether the 

gad2/almt6 double mutant can phenocopy the gad2/almt9 mutant. GABA inhibition of 

stomatal opening can also be tested on both almt4 and almt6 mutants to see whether the 

mutation can eliminate the gradually increased stomatal opening in WT, which might help 

explain whether the GABA inhibitory effect takes place in either or both directions of 

transport activity by ALMT4 and ALMT6. Furthermore, a directed test of whether GABA 

interacts with ALMTs using electrophysiological assays either in knockout mutants (Meyer 

et al. 2010) or through heterologous studies (De Angeli et al. 2013b) is warranted.  

Elongation of the gamete cell was disrupted when GABA catabolism in the stigma was 

ablated by mutation of GABA-T (Renault et al. 2011). Recently, it was confirmed that a 

GABA-ALMT12 interaction is involved in anion balance in pollen tubes, which could in turn 

interact with pH and Ca2+ signaling in the cell (Domingos et al. 2019).  To further explore 

the dynamic influence of GABA, future experiments could employ fluorescence sensors for 
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in vivo GABA signaling monitoring. These include the intensity-based GABA sensing 

fluorescence reporter (iGABASnFR ) for GABA, ClopHensor for cytosol Ca2+, pH, NO3
−, 

and Cl−  and CapHensor cytosol Ca2+ and pH (Marvin et al. 2019, Demes et al. 2020, Li et 

al. 2021). The latter two sensors had been tested on pollen tube elongation and guard cells 

on epidermis , thus both cell type could be employed in future experiments for GABA 

signaling in plants. 

The role of GAD1, GAD2 and GAD4 in cross talk of GABA and ABA 

signalling in stomatal regulation 

Pharmacological experiments on epidermal strips with GABA and/or ABA indicated 

differential ABA sensitivity of gad2/4 and gad1/2/4, which was distinct from that of gad1 

and gad2 (Chapter V, Fig. 5). This suggests possible involvement of GAD4 in ABA 

signalling perception in gad1/2/4. 

Based on the previous research, GABA concentrations diurnally oscillates in plants due to 

circadian/diel regulation of GAD expression (Espinoza et al. 2010). This is also the case 

genes involved in ABA signalling (Adams et al. 2018).  Circadian rhythms are important in 

many physiological processes in plant, including regulation of stomatal movement 

(Hassidim et al. 2017). Based on previous published gene profiles in response to diurnal 

rhythms (Michael et al. 2008a), the expression rhythm of GAD1 was induced by dark, which 

is opposite to that of GAD2 and GAD4 (Fig. 1A).  Elements of ABA signalling are also 

controlled by circadian rhythms and vice versa, ABA application and mutation of ABA 

receptors also perturbs circadian rhythms (Castells et al. 2010). Thus, it is possible that 

when the three GAD homologues were mutated, the disrupted homeostasis regulated or 
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related to GABA signalling, possible related to circadian rhythms, leads to the discrepancy 

of gad1/2/4/5 and gad2. Our result from qPCR indicated that the core clock genes, 

circadian rhythm Late Elongated Hypocotyl (LHY), Circadian Clock Associated‐1 (CCA1) 

and Timing of Cab2 Expression1 (TOC1) (Fig.1B), were not differently expressed in WT, 

gad2-1 and gad1/2/4/5 at the time when the genes reach the peak and bottom level (Allen 

et al. 2006) (Fig. 1C). Thus, it is unlikely that the varied phenotype of the gad mutants was 

due to an impairment in core circadian rhythm. For future analysis, stomatal response to 

dark-to-light and light-to-dark transition could be compared between gad1, gad2 and gad4 

in comparison to WT to see if the varied circadian rhythm could influence stomatal 

movement in a light-dependent manner. 
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Figure 1. The expression level of core circadian rhythm genes in WT, gad2-1 and 

gad1/2/4/5.  

A. Adapted data of diurnal oscillation of expression of GAD1, GAD2 and GAD4 (Michael et al. 

2008b).  B. Adapted data of diurnal oscillation of expression of core element of circadian rhythm 

Late Elongated Hypocotyl (LHY), Circadian Clock associated‐1 (CCA1) and Timing of Cab2 
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Expression1 (TOC1) (Michael et al. 2008b).  C. qPCR analysis of the expression of LHY, CCA1 

and TOC1 in WT, gad2-1 and gad1/2/4/5. RNA samples were extracted from 4-week-old plants 

grown under short-lightening period (10 hr light/ 14 hr dark) right before and after light period 

separately. eIF4a (eukaryotic initiation factor-4A) was used as house-keeping gene for 

normalization of gene expression. Bar graph indicates mean value of 3 bio-replicates; symbols 

indicate mean value of 3 technical replicates. The expression pattern of these genes matched the 

pattern as reported in previous reported (B). There is no significant difference as to expression of 

these genes comparing mutants to WT.   

Contribution of GAD4 and GAD5 to WT-like stomatal aperture of 

gad1/2/4/5 

Both gad1/2/4 and gad1/2/5 showed WT-like stomatal conductance and light-induced 

stomatal opening, similar to that of gad1/2/4/5. Due to relative low expression of GAD5 in 

rosette leaves and root, it is hard to interpret how GAD5 could contribute to WT-like 

stomatal phenotype in gad1/2/4/5. Recent study revealed that the least predominant 

isoform of GADs in these tissues, GAD3, was induced under combined stress of high light 

and heat and is required in plant tolerance to such stress (Balfagón et al. 2021). Except for 

several exemptions, plant GADs are conserved in activation by Ca2+/CaM at the C-teminus 

(Akama and Takaiwa 2007). However, enzyme activity of GAD3 and GAD5 might not be 

regulated by Ca2+/CaM (Shelp and Zarei 2017). Thus, further exploration of contribution of 

either GAD4 or GAD5 to the prementioned phenotypes might require separate 

experimental design.  
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As mentioned in Chapter I, Arabidopsis GAD1 shows optimum catalyzing activity when 

forming a homohexamer under low pH, presence of Ca2+/CaM or increased GAD 

concentration (Astegno et al. 2015). It is not known whether other homologs also form 

homo-multimers or whether each monomer acts as a functional decarboxylase, or whether 

heteromultimeric GADs may form containing different isoforms. An outline of the potential 

experimental approach to this is outlined below in GADs in ABA inhibited light induced 

stomatal opening (experimental approach vi). When ABA was applied, different expression 

of GAD1, GAD4 and GAD5 could also be detectable in leaves of Arabidopsis (Yang et al. 

2008, Pandey et al. 2010, Bauer et al. 2013, Dittrich et al. 2019). Thus, an explanation for 

how the expression of GC1:: GAD2Δ had an opposite effect on gad1/2/4/5 and gad2-1 

could be the lack of interaction of GAD1, GAD4 or GAD5 in guard cells in modulation of 

GABA signaling (Chapter IV and V). Complementation or mutation of GADs in a tissue or 

cell specific manner to see how this will alter plant phenotypes, therefore, is also a practical 

way to explore synergistic effect between GADs (Yang et al. 2008).  

 

Increasingly research has shown that a consequence of disruption of functional GADs 

could be far beyond impaired GABA synthesis, where perturbation of many physiological 

processes could occur (Fig. 2-3), such as photosynthesis, ROS metabolism, respiration, 

transcriptome and metabolome (Lancien and Roberts 2006, Araújo et al. 2010, 

Batushansky et al. 2014, Li, W. et al. 2016, Jin et al. 2019, Che‐Othman et al. 2020). 

Perturbed GABA metabolism has been revealed to contribute to altered metabolism of 

other compounds, such as sucrose, amino acids and phytohormones (Signorelli et al. 2015, 

Carillo 2018, Hijaz et al. 2018, Priya et al. 2019). These results suggest that GABA could 

be involved in complex metabolic and signalling pathways. To detangle the key elements 
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of GABA signalling, future analysis can resort to transcriptome and metabolome analysis. 

In our case, the inconsistent phenotypes between gad single mutants and multiploid 

mutants may be linked with differential metabolomic changes by the loss of different GAD 

(s). Metabolomic analysis of those mutants could also be an informative way in which to 

detangle the GABA signalling network. Given that the GAD homologues are differentially 

expressed in different cell-types and tissues, to identify whether specific metabolic 

pathways were divergently impaired when certain homologue were mutated, mesophyll 

cells and guard cell single-cell-type metabolite profiling could be another informative resort 

in detangling the signalling network of GABA (Misra et al. 2014, Dittrich et al. 2019). 

Microarray and RNAseq are established techniques employed on analysing signalling 

pathways (Zimmermann et al. 2004, Zhang et al. 2020). ABA signalling networks has been 

extensively explored with transcriptome analysis (Liu et al. 2013, Liu et al. 2018). We found 

GABA could impair ABA signalling in stomatal regulation (Chapter II, Suppl. Fig. 3; Chapter 

V, Fig. 5,6). Analysing ABA effects on GABA deficit mutants and comparing with available 

data source may be a promising way, through which genes involved in such interaction and 

detangling GABA signalling in plants could be revealed, again this could occur using single 

cell RNAseq as well as whole tissues or cell-type preparations (Misra et al. 2014).  
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Figure 2. Mapping metabolites impacted by GABA.  

The biosynthesis of secondary metabolites maps was adapted from KEGG (Kanehisa and Goto 

2000, Kanehisa 2019, Kanehisa et al. 2021). GABA metabolism related metabolism pathway was 

highlighted in varied colours based on reactions and compounds number from KEGG. GABA 

synthesis from GABA shunt (bold cyan) and polyamine catabolism (light cyan) were indicated 

(Bown and Shelp 2020). GABA shunt compounds and polyamines reported in previous 

publications were labelled with name by circles. Respiration were reported connected to GABA 

shunt, thus are also indicated (glycolysis, photorespiration and TCA cycle in light red) (Priya et al. 

2019, Che‐Othman et al. 2020). GABA alleviated stress impaired photosynthesis (Li, W. et al. 

2016, Salah et al. 2019). The photosynthesis pathways are marked in light blue. It was reported in 

citrus that GABA application induced hormone levels, thus key final steps in phytohormones 

synthesis were marked by colours with hormone compounds labelled by text and circles (Hijaz et 

al. 2018). GABA could improve sucrose synthesis, the metabolism of which is marked in black 

(Priya et al. 2019). Key metabolic pathways were automatically labelled in coloured rectangle. JA, 
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Jasmonic acid; ABA, Abscisic acid; CK, Cytokine; GA, Gibberellin; BR, Brassinolide; SA, Salicylic 

acid; ET, Ethylene; IAA, Auxin; GABA, γ-Aminobutyric Acid (indicated by green triangles); SSA, 

Succinic Semi-Aldehyde; AKG, 2-Ketoglutamate; Glu, Glutamate; Cys, Cysteine; Arg, Arginine; 

PUT, Putrescine; Pro, proline; GSH, Glutathione. 

GABA is synthesised mainly in cytosol catalysed by GAD, which is activated by Ca2+/CAM 

or acid pH (Astegno et al. 2015). In silico analysis suggests possible subcellular location of 

GADs apart from cytosol, where GAD2 and GAD4 also located in nucleus, GAD3 and 

GAD4 in mitochondria and GAD5 with plasmodesmata (though mature guard cells lack 

plasmodesmata) (Oparka and Roberts 2001, Bateman et al. 2020). The extra location could 

relate to the role of GABA to many physiological processes reported, such as 

photosynthesis, respiration and ROS synthesis cycle (Li, W. et al. 2016, Li et al. 2019, 

Thomson et al. 2019). GABA can also be synthesised in the peroxisome and apoplast via 

polyamine catabolism (Zarei et al. 2016), where ROS synthesis can also take place 

(Tripathy and Oelmüller 2012). In guard cells, ROS signalling could also acts downstream 

of ABA signalling by activation of SLAC (SLow Anion Channel) to close stomata (Dreyer et 

al. 2012). Moreover, ROS synthesis also increases cytosolic Ca2+ concentration and vice 

versa (Görlach et al. 2015). Ca2+ can also act down stream of ABA signalling through 

Calcineurin B-Like protein  (CBL) and CBL-Interacting Protein Kinase (CIPK) and calcium-

dependent protein kinase (CPK) (Song et al. 2018). GAD enzyme activity is optimised at 

pH8.5 (Shen et al. 2013).  ROS production activated by cytosolic Ca2+ contributes to 

cytosolic acidification (Felle 2001), which could influence GABA synthesis. Mitogen-

activated protein kinase (MAPK) signalling, which involved in stomatal regulation and 

interact with all signalling mentioned above, also contributes to regulation of GABA 

synthesis (Jammes et al. 2009, Brock et al. 2010, Lv et al. 2018, Deng et al. 2020) (Fig.3). 
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Future experiments could focus on elucidation of the interaction between GABA and these 

signaling pathways. 

 

Figure 3. Schematic of established interaction between GABA, ABA, ROS, MPK, pH and 

Ca2+ in plants.  

Summary of possible signalling network of cross talk between GABA and other signal compounds 

focusing on guard cells. Transport of compounds into the cytosol are indicated by narrow lines with 
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closed arrows. Signal transductions are indicated by bold lines, where open arrows indicate 

facilitation, blunt arrows indicate inhibition. Different signal pathways are differentiated by colour.  

 

GADs in ABA inhibited light induced stomatal opening 

One of the exciting results of this project is the switch in ABA sensitivity in inhibition of light 

induced stomatal opening of gad2/4 when GAD1 was further mutated (Chapter V, Fig.5-6; 

Suppl. Fig. 5). Thus, the main homologues responsible for ABA hypersensitivity in mutants 

could be GAD1, GAD2 and GAD4. Furthermore, application of 0.5 mM GABA abolished 

insensitivity of gad1/2/4, supporting the conclusion based on the result of guard cell specific 

complementation of GAD2Δ - that GABA concentration in guard cells alone could influence 

stomatal behaviour. It was observed  that there was variance between stomatal opening of 

gad4 in whole plants and in epidermis, which indicates possible signalling input of guard 

cells from mesophyll cells or vasculature; therefore, sensitivity of mutants to ABA in serial 

gad mutants will be required to be examined by other techniques, such as real-time 

recording of stomatal conductance of detached leaves fed by artificial xylem sap solution 

using infrared gas analyser LiCor LI-6400 (Conn et al. 2013, Xu et al. 2021). Further 

experiments are required to delineate the mechanism behind this (Fig. 4). These 

experiments include:  

 

(i). Investigating the role of the GABA-ALMT/ABA interaction in stomatal regulation. 

When GABA was applied, the mutant lines had more closing extent in stomata in response 

to ABA (Chapter V, Suppl. Fig.5), this might be due to impaired GABA-ALMT interaction. 
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ABA signalling as a stress hormone could induce GABA synthesis in WT, exogenous GABA 

application was also suggested to induced endogenous GABA synthesis (Scholz et al. 

2017, Yong et al. 2017), thus in WT the combined application of GABA and ABA could lead 

to extra accumulation of GABA, which provides an inhibitory counterbalance to the 

stimulation of QUAC by ABA and ROS signalling. Meanwhile GABA will inhibit activity of 

ALMT9 (possibly ALMT4 and 6) to maintain stomatal movement. Such a balancing effect 

could be dampened in mutant lines. To verify this, GABA concentrations should be 

measured in plants following by ABA and GABA application.  

 

(ii). Expression of GAD1 in response to ABA. Transcriptome profiling of ABA responses 

in Arabidopsis indicated that expression of GAD2 and GAD4 was reduced by ABA 

treatment (Yang et al. 2008, Pandey et al. 2010, Bauer et al. 2013, Dittrich et al. 2019). 

GAD4 expression was induced in ABA deficient mutants (Urano et al. 2009), so stimulates 

the expression of this less predominant homologue, but not of GAD1. GAD1 has an 

opposite circadian/diel response comparing to GAD2 and GAD4 (Fig. 1A). Furthermore, 

GAD1, GAD2 and GAD4 responded differently in response to Pseudomonas syringae 

treatment (Deng et al. 2020). Thus, it is possible that it also responds differently to ABA. 

To test this, expression of GAD1 could be checked by qPCR in ABA treated plants. 

Moreover, as mentioned above (Fig. 3), GAD2 and GAD4 could also target nucleus, thus 

it may also be possible that they can impair ABA regulation of transcription (Fujita et al. 

2011). This can be verified by microarray or RNAseq analysis to see whether transcriptome 

regulation could be differently enriched in mutants comparing to WT in response to ABA.  

 

(iii). Impaired redox balance in mutants. Glutathione, which is a scavenger of ROS, 

accumulated following exogenous GABA treatment under both control and saline 
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conditions in muskmelon (Cucumis melo L. cv.) (Jia and Davies 2007). Further, exogenous 

GABA application or perturbed GABA catabolism by mutation of GABA-T reduced ROS 

concentration in plants including Arabidopsis, the legume shrub, Caragana Intermedia and 

tomato (Solanum lycopersicum L.) (Shi et al. 2010, Jalil et al. 2017, Wu et al. 2020). ROS 

signalling could act down stream of ABA signalling in activating transport activity of SLAC1 

through Ca2+ or Mitogen-activated protein kinase (MPK) signalling (Bai et al. 2014, 

Medeiros et al. 2020) . Interaction of ROS-GABA signalling has been suggested to improve 

drought tolerance. In Cucumber plants (Cucumis sativus cv.) foliar application of GABA 

mimics the effect of the reductant Ascorbic Acid during drought stress, in improving water 

use efficiency (Ghahremani et al. 2021). Thereby, it would be worth monitoring ROS 

balance in WT and gad mutant lines. Plant ROS in plant materials can be quantified by 

chemical staining, such as Diaminobenzidine tetrahydrochloride (DAB), or by fluorescence 

using a generic ROS sensor, such as CM 2’,7’-dihydrodichlorofluorescein diacetate (DCF-

DA) (Halliwell and Whiteman 2004, Ermakova et al. 2014).  

 

(iv) GAD multimer formation. As mentioned in Chapter I, Arabidopsis GAD1 shows 

optimal catalyzing activity when forming a homohexamer under low pH, presence of 

Ca2+/CAM or increased GAD concentration (Astegno et al. 2015). It is not known whether 

other homologues also formed homo-mulitmers or whether each homologue acts as a 

decarboxylase or a cofactor of the enzyme. To further explore this, first, enzyme activity of 

each GAD could be analyzed on purified protein enriched in E coli as previous described 

(Astegno et al. 2015). For homologue interaction analysis, Yeast Two-Hybrid Assays or 

bimolecular fluorescence complementation (BiFC) could be employed to see whether there 

is any conformation interaction between GAD1, GAD2 and GAD4 proteins (Terasaki et al. 

2009, Kamigaki et al. 2016).  
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(iv) Sucrose metabolism. Break down of Sucrose (Fig. 2; Black line) in guard cells is 

required in light-induced stomatal opening (Renault et al. 2013). Accumulation of GABA 

increases sucrose concentration by promoting photosynthesis under heat stress in 

mungbean and in Arabidopsis under salt stress (Renault et al. 2013, Jin et al. 2019, Priya 

et al. 2019). Sucrose can be degrade into Glu, the main precursor of GABA synthesis in 

cytosol (Daloso et al. 2016). Both these compounds could induce stomatal closing in 

Arabidopsis (Yoshida et al. 2016, Medeiros et al. 2018). Thus, the mutants could have 

impaired sucrose concentrations, which could also impair effect of both GABA itself and 

ABA in stomatal regulation. Sucrose concentrations in plants can be measured by Gas 

Chromatography Mass Spectrometry (GC-MS). 
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Figure 4. Schematic of possible mechanism of GABA-ABA cross talk.  

Putative mechanisms behind reversed ABA sensitivity in gad2/4 and gad1/2/4 in light induced 

stomatal opening. ABA, GABA and possible involvement of ROS signalling are specified in different 

colours. Possible intersection of signal transduction for such phenotypes were marked by question 

marks. Open arrows indicate facilitation, blunt arrows indicate inhibition. TF, transcriptome factor; 

ROS, reactive oxygen species; ALMT, aluminium-activated malate transporter; SLAC, slow anion 

channel; QUAC, quick anion channel. 

Conclusion 

This thesis has revealed that GABA is a signal compound modulating stomatal movement. 

GABA signalling mediated stomatal regulation involves a GABA and ALMT interaction. 

Such interaction is important for plant acclimation to drought stress since accumulated 

GABA concentrations in plants improves plant water use efficiency. However, like many 

signalling molecules, stomatal regulation of GABA is not a simple linear dose-dependent 

relationship. The fact that GABA concentration is negatively correlated to stomatal aperture 

in gad2 and WT, but not in higher order mutants of GADs suggests a synergistic 

contribution and varied function of GAD homologues with respect to stomatal movement of 

Arabidopsis. Endogenous GABA concentration determines ABA sensitivity of plants during 

light induced stomatal opening, this involves GAD1, GAD2 and GAD4, where cross talk 

between GABA and other signal pathways is likely to occur. 
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