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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 CO:2 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 (y-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 GADZ2, 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 gad?2, instead it resembled WT in stomatal aperture, stomatal conductance
and drought tolerance. However, when GADZ2 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 GADS 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.
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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 (Dominguez et al. 2017). In order to maintain photosynthesis for
growth, plants need to take in COzfrom 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,

Fabregas 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).

y-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, Ca?* 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 COz2. 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 a-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 (Araujo 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-Guimarédes 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, y-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,
A-Ketoglutarate Dehydrogenase; SCS, Succinyl-Coa Synthetase; GDH, Glutamate
Dehydrogenase; Glu, Glutamate; GAD, Glutamate Decarboxylase; Ca?*/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
etal. 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, Martiniére 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 Ca?*-dependent calmodulin (CaM)-binding
domain that acts as an autoinhibitory domain relieved by the binding of Ca?*/CaM (Du et
al. 2011), with several exceptions, such as rice OsGAD2, apple MdGAD3, and possibly
GAD3 and GADS of Arabidopsis (Akama and Takaiwa 2007, Trobacher et al. 2013, Shelp
and Zarei 2017). Studies have shown that GAD activity is Ca?*/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 Ca?*/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 Ca?*/CaM and accumulation of GAD1 (Astegno et al.
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2015). This is in accordance with GABA accumulation under varied stress conditions (Locy
et al. 2000, Scholz et al. 2017, Fabregas and Fernie 2019). Cytoplasmic acidification can
occur in plants encountering anoxic stress (Felle 2005). Ca?*, as a secondary messenger,
mediates signal transduction in response to environmental stimuli, and plant hormones,
with high sensitivity (Igbal et al. 2020). GAD expression and protein concentration, also
accumulates under stress conditions (Carillo 2018). Increases in cytoplasmic Ca?*, 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 GADS. 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 GADZ2 is the most abundant isoform expressed in shoots (Scholz et al. 2015).
Transcript expression of GAD3 and GADS 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 GADZ2 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/MPKG6) (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 s/cat9 altered GABA/GIlu 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).
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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 Mal* (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). w-AFA: w - aminiofatty acid; d-ALA: 6- aminolevulinic acid; Pro:
proline; GB: Gly Betaine; a-AA: o-Amino Acid; B-Ala: -Alanine; Glu: Glutamate; Asp: Aspartate;

GAT1: GABA Transporter 1; ProTs: Proline transporters; AAP3: amino acid/auxin transporter;
GABP: GABA permease; SICAT9: 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

(QUACSs/ALMTSs). These depolarise the membrane potential of guard cells and activate



Chapter | General introduction and literature review 29

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 (AI**) in acidic soils
(Sasaki et al. 2004). However, only a few ALMT family members are AI3* activated (Liu and
Zhou 2018). Phylogenetic analysis on anion channels and transporters in plants revealed
that ALMTSs are evolutionally grouped into different clades, with homologues in Arabidopsis
divided into four clades (Clade I: ALMT1, 2, 7, 8; Clade Il: ALMT3, 4, 5, 6, 9; Clade Il
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 AI3* activation.
It is mainly expressed in root tips, from where it catalyses malate efflux to chelate AI** in

acidic soils, Fe®* 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 |
members, such as barley HYALMT1 (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 (ALMTS3, 4, 5, 11, 13
and 74) 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 Il contains 5 members from
Arabidopsis. ALMT4, 5, 6 and 9 are targeted on the tonoplast membrane (Fig. 5) (Gruber
etal. 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 Ca?* (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, CI-
and fumarate uptake into the vacuoles of guard cells (De Angeli et al. 2013b). Mutation of
ALMTY 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 HYALMT1 in barley result in more closed stomata of plants (Gruber et al.
2011, Eisenach et al. 2017). Another clade member, grape VVALMTY, located on tonoplast
of grape fruits, mediates tartaric acid accumulation, which contributes to berry flavour (De

Angeli et al. 2013a). The tomato SIALMT5, 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. QUACH1, 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%", malate and altered membrane potential (Meyer
et al. 2010, Sasaki et al. 2010, Malcheska et al. 2017). ALMT12 disruption caused reduced
stomatal closure to CO2and darkness (Meyer et al. 2011). Recently, it has been found that
QUACSs (ALMT12, 13 and 14) act down stream of Ca?* signalling in pollen tubes of plants,

in a way by Ca?*-dependent protein kinases (CPKs) activating their anion efflux at the

apical area of pollen tubes. These channels worked cooperatively with a Ca?* importer,
contributing to a high [anion]cyt /[Ca?*]eyt to maintain pollen tube growth (Gutermuth et al.
2018). A clade lll ALMT in grass Brachypodium distachyon (BAALMT12), which is also a
voltage dependent malate transporter, mediates stomatal closing via activation
cooperatively by malate and Ca?* /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; S|, Solanum lycopersicum; Bd, Brachypodium distachyon.

Opening . GABA 7 | Closing
Vacuole Cytoplasm ApothCell Wa\H\ Apoplast Cytoplasm Vacuole
@ @ ALMT4 "\@

‘{ ALMTA ‘-@ [
o
& ALMTE .\@ +

ca” & ALMTE
®

= ¢ ' a2z~ B
ALMT9 (cr) b 1o)

\ | e

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. Mal*, malate;
S0.%, sulphate; NOs, nitrate; Ca?*, calcium; Em, membrane potential; OST1, Open Stomata 1

(Snrk2.6); CPK, Calcium-dependent protein kinases; MPK, mitogen-activated protein kinase; Pi,



Chapter | General introduction and literature review 34

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
[l 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 Ill 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 GADZ2. Single
mutants of GAD1, with reduced GABA concentrations in roots, had no visible phenotype
(Bouché et al. 2004). Whereas mutation of both GAD7 and GADZ2 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 I

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

Explored in chapter Il and IlI.

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

Explored in chapters IV and V.
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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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The non-protein amino acid y-aminobutyric acid (GABA) has been proposed to be an ancient
messenger for cellular communication conserved across biological kingdoms. GABA has well-
defined signalling roles in animals; however, whilst GABA accumulates in plants under stress
it has not been determined if, how, where and when GABA acts as an endogenous plant
signalling molecule. Here, we establish endogenous GABA as a bona fide plant signal, acting
via a mechanism not found in animals. Using Arabidopsis thaliana, we show guard cell GABA
production is necessary and sufficient to reduce stomatal opening and transpirational water
loss, which improves water use efficiency and drought tolerance, via negative regulation of a
stomatal guard cell tonoplast-localised anion transporter. We find GABA modulation of
stomata occurs in multiple plants, including dicot and monocot crops. This study highlights a
role for GABA metabolism in fine tuning physiology and opens alternative avenues for
improving plant stress resilience.
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nant of plant productivity and drought resilience, and

profoundly impacts climate due to its influence on global
carbon and water cycling! 3. The stomatal pore is delineated by a
guard cell pair. Fine control of ion and water movement across
guard cell membranes, via transport proteins, determines cell
volume and pore aperture following opening and closing signals
such as light and dark®%> (Fig. 1). Due to their critical roles and
their ability to respond to and integrate multiple stimuli, stomatal
guard cells have become a preeminent model system for inves-
tigating plant cell signalling® resulting in the elucidation of many
critical pathways involved in plant biotic and abiotic stress tol-
erance’ ™.

GABA signalling in mammals relies upon receptor-mediated
polarization of neuronal cell membranes!®!!l, Speculation that
GABA could be a signal in plants is decades old!2, but a definitive
demonstration of its mode of action remains elusive. GABA
production in plants is upregulated by stress!314, It is synthesised
in the cytosol via the GABA shunt pathway, bypassing two stress-
inhibited reactions of the mitochondrial-based tricarboxylic acid
(TCA) cycle!>!®. GABA is therefore well known as a stress-
induced plant metabolite that is fed back into the mitochondrial
TCA cycle to sustain cellular energy production!?!7. The dis-
covery that the activity of aluminium-activated malate transpor-
ters (ALMTSs) can be regulated by GABA!S represents a plausible
mechanism by which GABA signals could be transduced in
plants, providing a putative—but unproven—novel signalling link
between primary metabolism and physiology!®. Stomatal guard
cells contain a number of ALMTs that impact stomatal move-
ment and transpirational water loss20-22, Therefore, stomatal
guard cells represent an ideal system to test whether GABA sig-
nalling occurs in plants.

The regulation of stomatal pore aperture is a key determi-

a Dark (night)  Light (day)

80 A

40 min

NN

0.8 ym 1.0 pm 2.0 um 2.8 ym

Stomatal aperture width

Stomatal aperture width

Fig. 1 Guard cells respond to light signals. a, b Time course of light-
induced stomatal opening (a) and dark-induced stomatal closure (b) with
actual stomatal aperture width indicated below; dark-to-light transition
mimics night-to-day transition which opens stomatal pores (a) and light-to-
dark transition mimics day-to-night transition which closes stomatal pores
(b), light intensity 150 pmolm—2s=1
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Significantly, here, we show that GABA does not initiate
changes in stomatal pore aperture, rather it antagonises changes
in pore size, which differentiates it from many of the signals
known to regulate stomatal aperture?-8, Specifically, we find that
GABA concentration increases under a water deficit and this
reduces stomatal opening in an ALMT9-dependant manner. The
anion channel ALMT?Y is a major pathway for mediating anion
uptake into the vacuole during stomatal opening?!; GABA signal
transduction via ALMT9 leads to reduced transpirational water
loss, increased water use efficiency (WUE) and improved drought
resilience. As such, even though guard cell signalling is relatively
well defined®23, this study has been able to uncover another
pathway regulating plant water loss. Furthermore, by revealing a
mechanism by which GABA acts in stomatal guard cells, we
demonstrate that GABA is a legitimate plant signalling
molecule!®,

Results

GABA antagonises both stomatal pore opening and closure in
epidermal peels, but only opening in leaf feeding experiments.
To validate whether GABA is a physiological signal that mod-
ulates stomatal pore aperture, our initial experiments used excised
Arabidopsis thaliana epidermal peels where stomatal guard cells
are directly accessible to a chemical stimuli®?*-26. When exo-
genous GABA or its analogue muscimol!? were applied under
constant light or dark conditions, neither elicited a change in
stomatal aperture (Fig. 2a, b; Supplementary Fig. 1a, b). Inter-
estingly though, we found that both compounds suppressed light-
induced stomatal opening and dark-induced stomatal closure
(Fig. 2a, b; Supplementary Fig. 1a, b). We then fed intact leaves
with an artificial sap solution through the detached petiole with
or without the addition of GABA or muscimol and examined
whether this affected gas exchange rates. We found, in the GABA
and muscimol fed leaves, that the increase in water loss (tran-
spiration) stimulated by a dark-to-light transition was dampened
compared to leaves fed just the artificial sap solution due to
reduced stomatal conductance (Fig. 2¢; Supplementary Figs. 1c, d
and 2a). This is consistent with the reduced extent of stomatal
opening that we observed in epidermal peels in the presence of
GABA or muscimol upon a dark-to-light transition (Fig. 2b;
Supplementary Fig. la). The gas exchange values of fed leaves
were used to calculate instantaneous intrinsic WUE (iWUE) and
WUE (ratios of carbon gained through photosynthesis per unit of
water lost), which are key traits underpinning drought tolerance
in plants?/, and both values were greater (ie. improved) in GABA
fed leaves (Fig. 2d; Supplementary Fig. 2a—-c).

GABA is a universal stomatal behaviour modifier. To examine
whether GABA or muscimol can modulate stomatal aperture
beyond the response to light and dark, we examined their
impact on a range of opening and closing signals using epidermal
peels of Arabidopsis. We found both GABA and muscimol
inhibited abscisic acid- (ABA, 2.5 uM) or H,O,-stimulated sto-
matal closure and coronatine-induced opening (Supplementary
Fig. 3a, ¢, e, %28 However, stomatal pores were fully closed in
response to high concentrations of ABA (25 uM) (Supplementary
Fig. 3b, d) or exogenous calcium in the presence of GABA or
muscimol (Supplementary Fig. 3g), which indicated stomatal
closure could occur in epidermal peels in the presence of GABA
when the closing signal was of sufficient magnitude.

We tested whether our results could be explained by GABA or
muscimol treatment permanently locking guard cells in a closed
(or open) state and preventing further change in stomatal pore
aperture, which would argue against GABA being a physiological
signal. We did this by incubating epidermal peels in GABA or
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Fig. 2 Exogenous GABA goni changes in | pore aperture

and increases intrinsic water use efficiency. a, b Stomatal aperture of wild-
type A. thaliona leaves in response to light or dark. Epidermal strips were
pre-incubated in stomatal pore measurement buffer for Th under light (a) or
dark (b), followed by a 2 h incubation under constant light (a), dark (b),
light-to-dark transition (@) or dark-to-light transition (b) as indicated in
the above graphs by the black (dark) or white (light) bars, together with the
application of 2 mM GABA; n =129 for control (constant light), n =121 for
GABA (constant light), n =137 for control (light-to-dark transition) and n =
135 for GABA (light-to-dark transition) (a); n =122 for control (constant
dark), n =124 for GABA (constant dark), n =123 for control (dark-to-light
transition) and n =130 for GABA (dark-to-light transition) (b); all
experiments were repeated twice in steady-state conditions (for both light
or dark) or four times for dark-to-light or light-to-dark transitions in different
batches of plants using blind treatments with similar results (a, b). GABA
feeding of excised leaves reduces stomatal conductance (¢) and increases
intrinsic water use efficiency (iWUE) (d). ¢ Stomatal conductance of
detached leaves from 5- to 6-week-old A. thaliana wild-type plants was
recorded using a LI-COR LI-6400XT in response to dark (shaded region)
and 200 pmol m—2 s~ light (white region), fed with artificial xylem sap
solutions £ 4 mM GABA. d iIWUE efficiency of detached leaves was
calculated as the ratio of photosynthetic rate (Supplementary Fig. 2b) versus
stomatal conductance (¢); n =16 independent leaves for control and n=15
independent leaves for GABA, data collected from three different batches of
plants (¢, d). All data are plotted with box and whiskers plots: whiskers
plot represents minimum and maximum values, and box plot represents
second quartile, median and third quartile (a, b, d), or data are represented
as mean £ s.e.m (c); statistical difference was determined by two-way
ANOVA (a, b), or two-sided Student's t test (¢, d), "P<0.05 and ****P <
0.0001.

muscimol, then removing this treatment and performing a light
or dark transition. As would be expected from viable cells, after
removal of the GABA or muscimol treatment, we found that
stomatal guard cells responded to a light treatment by opening
the pores (Supplementary Fig. 4a, b) or to a dark treatment by
closing pores (Supplementary Fig. 4c, d). Collectively, these data
again indicate that GABA signals would likely act to modulate
stomatal aperture in the face of a stimulus rather than stimulating
a transition itself.

To test whether GABA is a universal modulator of stomatal
control, we explored whether GABA or muscimol treatment of
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Fig. 3 Leaf GABA concentration regulates transpiration. a Leaf GABA
concentration of 5-6-week-old A. thaliana wild-type (WT), gad2-1and gad2-
2 plants following drought treatment for O, 3 and 7 days, n = 6. b Stomatal
conductance of Arabidopsis WT, gad2-1 and gad2-2 plants determined using
an AP4 porometer; n = 48 for WT, n =37 for gad2-1 and n= 41 for gad2-2,
data collected from three independent batches of plants. ¢ Relative leaf
water content of WT, gad2-1 and gad2-2 plants following drought treatment
for 0,1, 3, 5 and 7 days, n= 6. All data are plotted with box and
whiskers plots: whiskers plot represents minimum and maximum values,
and box plot represents second quartile, median and third quartile (a, b),
or data are represented as mean ts.e.m (c); statistical difference

was determined using two-way ANOVA (a, ¢) or one-way ANOVA (b);
*P < 0.05 and ****P< 0.0001.

epidermal strips attenuated stomatal responses of other plant
species to light or dark transitions, including the dicot crops Vicia
faba (broad bean), Glycine max (soybean) and Nicotiana
benthamiana (tobacco-relative) and the monocot Herdeum
vulgare (barley) (Supplementary Fig. 5). The widespread inhibi-
tion of stomatal pore aperture changes suggests that GABA has
the potential to be a universal ‘brake’ on stomatal movement in
plants, including valuable crops.

GABA accumulation in guard cells contributes to the regula-
tion of transpiration and drought performance. Stomatal
control is explicitly linked with the regulation of plant water loss,
which impacts the survival of plants under drought’; the wider
the stomatal aperture, the greater the water loss of plants, the
poorer the survival of plants under a limited water supply, as
excessive water use by the plant diminishes the availability of
stored soil water. The observation that the stress-induced
metabolite GABA!® reduces plant water loss and improves
WUE (Fig. 2d; Supplementary Fig. 2c)—key factors under-
pinning drought tolerance?’—implicates GABA as novel signal
regulating plant drought resilience. Therefore, to examine the
hypothesis that endogenous GABA concentration increases
under a water deficit and acts as a signal, we first determined
whether we could replicate the previously reported increases in
GABA accumulation under clroughtls’14 9 (Fig. 3; Supplemen-
tary Fig. 6). In wild-type plants, a drought treatment was applied
by withholding watering, which resulted in the gradual depletion
of soil gravimetric water and a reduction in leaf relative water
content (RWC) (Supplementary Fig. 6a, b). We found that
GABA accumulation in drought stressed leaves increased by 35%
compared to that of well-watered leaves (water versus drought at
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7 days: 1.07 +0.08 versus 1.44+0.11 nmol mg—! FW) (Supple-
mentary Fig. 6c).

To investigate whether GABA has a role during drought, we
obtained Arabidopsis T-DNA insertional mutants for the major
leaf GABA synthesis gene, Glutamate Decarboxylase 2 (GAD2)?,
Both gad2-1 and gad2-2 had >75% less GABA accumulation in
leaves than in wild-type plants, whilst GABA concentrations in
roots were unchanged (Fig. 3a; Supplementary Fig. 6d-f).
Furthermore, leaves of gad2 plants did not accumulate additional
GABA under drought conditions unlike wild-type controls where
GABA increased by 45% after 3 days, and was maintained at this
elevated level after 7 days of drought (Fig. 3a). Under standard
conditions, both gad2 mutant lines exhibited greater stomatal
conductance and wider stomatal pores than wild-type plants
(Fig. 3b; Supplementary Fig. 6g), whereas stomatal density was
identical to wild type (Supplementary Fig. 6h). The application of
exogenous GABA to gad?2 leaves inhibited stomatal pore aperture
changes in response to light treatments (Supplementary Fig. 6i, j),
indicating that gad2 stomata would be competent in a GABA
response if sufficient GABA was present. Furthermore, the
aperture of GABA pre-treated gad2 stomata after a dark-to-light
transition were statistically insignificant from non-GABA treated
wild-type stomata (Supplementary Fig. 6j), which is consistent
with GABA playing a role in modulating opening of wild-type
stomata under non-stressed conditions. It has been shown
previously that both GAD2 transcription and GABA accumula-
tion exhibit diurnal regulation; GABA usually peaks at the end of
the dark cycle prior to stomatal opening and reaches a minimum
when stomatal conductance is at its maximum near subjective
mid-day’’. However, during stress, both GAD2 transcript
abundance and GABA accumulation remain high’. This suggests
GABA may further minimise stomatal opening under stress and
contribute to drought tolerance.

Under drought, the leaf RWC of gad2 plants lowered more
quickly than in wild type (Fig. 3¢). Transcriptional profiles of key
ABA-marker gene (RD22) and GABA-related genes (other than
GAD?2) were similar in wild type and gad? lines, although RD29A
was significantly higher in gad2-1 than wild type and gad2-2 on
day 0 and day 7 of the drought treatment (Supplementary Fig. 7),
which is consistent with the lower RWC of gud2-1 after 7 days
(Fig. 3c). These results confirm that GAD2 is critical for leaf
GABA production under stress, and suggests that GABA itself
may regulate plant water loss and drought tolerance?’.

Histochemical staining corroborated that GAD2 is highly
expressed in leaves, particularly in guard cells?® (Supplementary
Fig. 8a, b). GAD2 is a cytosolic enzyme31; to examine if cytosolic
GABA biosynthesis within the guard cell was sufficient to
modulate transpiration we expressed—specifically in the guard
cell’2—a constitutively active form of GAD2 (GAD2A) that has a
C-terminal autoinhibitory domain removed®!33 (Fig. 4a). This led
to a large increase in leaf GABA accumulation (Fig. 4b) and to
complementation of the steady-state stomatal conductance and
aperture phenotypes of gad2 plants to wild-type levels (Fig. 4¢
Supplementary Fig. 8c, d). At the same time, no change in
stomatal density or leaf ABA accumulation was detected under
standard conditions (Supplementary Fig. 8e, f), suggesting the
complementation of the gad2 phenotype was due to the
restoration of GABA synthesis in the guard cell. Other phenotypes
restored to wild-type levels by guard cell-specific expression of
GAD2A included the exaggerated stomatal opening and closure
kinetics and decreased instantaneous iWUE/WUE of gad2-1
(Fig. 4d-f; Supplementary Fig. 8g-i). The drought sensitivity of
gad2, compared to wild type, was also abolished by guard cell-
specific expression of GAD2A (Fig. 4g, h). This demonstrates
GABA synthesis in guard cells was sufficient to modulate stomatal
movement, regulate water loss and improve drought resilience.

To examine whether GABA metabolism can be modulated to
improve drought resilience beyond wild-type levels, GAD2A was
expressed specifically in the guard cells of wild-type Arabidopsis
plants (Fig. 5a), this resulted in leaf GABA concentrations being
increased to beyond wild-type levels (Fig. 5b). The steady-state
stomatal conductance of the GABA overproducing transgenic
plants in standard and drought conditions was lowered compared
to wild-type plants (Fig. 5c). Consistent with this, the plants
overexpressing GAD2A in the wild-type background maintained
higher leaf RWC than wild-type plants after 10 days of drought
treatment (Fig. 5d, e). Furthermore, a greater percentage of plants
overexpressing GAD2A in the wild-type background survived
following re-watering after a 12-day drought treatment (Supple-
mentary Fig. 9). As such, we show here that GABA over-
production can reduce water loss and improve drought resilience.

Guard cell cytosolic GABA modulates stomatal movement and
drought resilience. Our data show that although guard cell
synthesised GABA can rescue the gad2 phenotype, it is clear that
exogenously applied GABA can also modulate stomatal move-
ment (e.g. Fig. 2 for wild type or Supplementary Fig. 6i, j for
gad2). It is known that GABA can pass the membrane through a
variety of transporters’-3%, so it is unclear whether the site of
guard cell GABA action is from the apoplast or cytoplasm. We
expressed GAD2A specifically in the spongy mesophyll¥?, adja-
cent to the abaxial stomatal layer, to test whether it could com-
plement gad2 (Supplementary Fig. 10a, b). This resulted in a
significant increase in leaf GABA, but no change in stomatal
conductance (Supplementary Fig. 10c, d). As such, unlike guard
cell-specific expression, GAD2A in the spongy mesophyll was
insufficient to complement the gad2-1 phenotype.

To further probe the role of guard cell synthesised GABA, we
expressed full-length GAD2 under the guard cell-specific promoter
(gad2-1/GC1:GAD2) (Supplementary Fig. 11a). This form of GAD2
requires activation by Ca®t/calmodulin or low pH to synthesise
GABA!Y. Interestingly, guard cell-specific expression of full-length
GAD? failed to complement the high stomatal conductance of the
gad2-1 line to wild-type levels under standard conditions, whereas
its constitutive expression (driven by pro355-CAMYV) did (Supple-
mentary Fig. 11b, f, g). Under drought, the gad2- 1/GCI::GAD2 lines
increased GABA production, reduced their stomatal conductance
significantly more than that of gad2-1 plants and had a comparable
leaf RWC to wild-type plants following 5 days of drought
(Supplementary Fig. 11c-e). This suggests that activation of full-
length GAD2 via its regulatory domain3! is important in
stimulating GABA production under drought in guard cells.

We extended our investigation of GABA’s site of action
through an epidermal peel experiment. We compared the
effects of exogenously applied muscimol or muscimol-BODIPY,
a muscimol molecule conjugated with a BODIPY fluorophore,
which is active against GABA targets in plants and animals, but
lacks cell-membrane permeability*®3°. We found that unlike
muscimol, membrane impermeable muscimol-BODIPY was
unable to inhibit stomatal opening or closure (Supplementary
Fig. 12). This result—alongside the differential effects of gad2
complementation by full-length GAD2 when expressed con-
stitutively or solely in the guard cell (Supplementary Fig. 11a—e)
—provides further evidence that GABA is likely to pass the
plasma membrane and that it acts from the cytosol, consistent
with our feeding assays (e.g. Fig. 2c). Collectively, the data in
this section demonstrate that guard cell-specific cytosolic
GABA accumulation is sufficient and necessary for controlling
stomatal aperture and transpiration under drought, but
suggests a role for other cell types in fine-tuning GABA signals
under standard conditions.
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Fig. 4 Guard cell GABA regulates water loss and drought tolerance. a Representative confocal images of gad2-1 plants expressing GC1:GAD2A-GFP

(gad2-1/GC1:GAD2A-GFP); GFP fluorescence and chlorophyll autofluorescence (blue) of the leaf abaxial side of 3-4-week-old gad2-1/GC1::GAD2A-GFP

plant indicates that the GC1 promoter drives GAD2A expression specifically in guard cells, similar pattern images are obtained from multiple gad2-1/GC1::
GAD2A-GFP plants, scale bars = 50 pm. b Leaf GABA accumulation of 5-6-week-old A. thaliana WT, gad2-1, gad2-1/GC1:GAD24A #1 and #10 plants grown
under control conditions, n = 6. € Stomatal conductance of WT (n=15), gad2-1 (n=14), gad2-1/GC1:GAD2A #1 (n=14) and #10 (n=15) plants under
control conditions determined using an AP4 porometer, data collected from two independent batches of plants. d Stomatal conductance of WT, gad2-1and
gad2-1/GC1::GAD24 #10 plants in response to dark (shaded region) and 150 pmolm*z s~ light (white region), measured using a LI-COR LI-6400XT.

e Change in stomatal conductance each minute calculated using dConductance/dt (min) of the data represented in d. f iWUE of WT, gad2-1 and gad2-1/
GC1:GAD24 plants was calculated based on the ratio of photosynthetic rate (Supplementary Fig. 8h) versus stomatal conductance represented ind; n = 8
individual plants for WT, n=9 for gad2-1 and n = 8 for gad2-1/GC1:GAD24A #10, data collected from two independent batches of plants (d-f). g Relative
leaf water content of WT, gad2-1, gad2-1/GC1:GAD24 #1 and #10 plants following drought treatment for 0, 1, 3, 5 and 7 days; n = 4 for 0, 1, 3 and 5 days
samples and n = 5 for 7 days samples, except that n = 3 for O-day gad2-1 and 1-day gad2-1/GCI::GAD2A #1. h Representative images of WT, gad2-1, gad2-1/
GC1:GAD2A #1 and #10 plants (shown in i) before (O day) and after (8 days) drought treatment as indicated. All data are plotted with box and whiskers
plots: whiskers plot represents minimum and maximum values, and box plot represents second quartile, median and third quartile (b, ¢, ), or data are
represented as mean +s.e.m (d, e, g); statistical difference was determined using by two-sided Student's t test (f), one-way ANOVA (b, ¢) or two-way

ANOVA (e, g); "P<0.05 and ****P < 0.0001.

GABA signalling regulating WUE and drought resilience is
ALMT9 dependent. ALMTs are plant-specific anion channels
that share no homology to Cys-loop receptors except a region of
12 amino acid residues predicted to bind GABA in GABA,
receptorsi®!8, In animals, ionotropic GABA receptors are sti-
mulated by GABA; in contrast, anion currents through ALMTs
are inhibited by GABA!®!l, There are a number of ALMTs
expressed in guard cells that contain the putative GABA binding

NATURE COMMUNICATION

motif and have the potential to transduce the GABA signal, with
most havin§ been shown to have a role in regulating stomatal
movement?9-2240_ For instance, ALMTI12 (also called QUACI,
quickly-activation anion conductance 1) is a plasma membrane
localised anion channel, which moves anions out of the guard cell
during guard cell closure??.

Under the conditions tested here, the impact of GABA on
stomatal closure appears to be limited to epidermal peels, it is not
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Fig. 5 Guard cell overexpression of GAD2A decreases plant water loss
and increases drought survival. a Representative confocal images of A.
thaliana wild-type plants expressing GCI::GAD24-GFP; GFP fluorescence and
chlorophyll autofluorescence (blue) of the leaf abaxial side of 3-4-week-old
plants, similar pattern images are obtained from multiple wild-type plants
expressing GC1:GAD2A-GFP plants, scale bars =50 um. b GABA
accumulation in the leaves of 5-6-week-old Arabidopsis wild type, GCT.:
GAD2A #2 and #5 plants; n = 6. ¢ Stomatal conductance of WT, wild-type
Arabidopsis expressing GAD2A in the guard cells using the GCT promoter—
GC1:GAD24 #2 and #5 plants before (O day) and after (5 days) drought
treatment determined using an AP4 porometer; n =14 for WT, n=11 for
GC1:GAD24 #2 and n=15 for GCT:GAD2A #2 at O day and n =12 for WT,
GCI:GAD24 #2 and #5 at 5 days. d Relative leaf water content of WT, GCI::
GAD2A #2 and #5 plants following drought treatment for O, 5, 7 and

10 days; n = 6 for O and 5 days all samples, except n =18 for WT at

10 days, n =12 for GC1::GAD2A #2 at 10 days and n =13 for GC1:GAD2A #5
at 10 days. e Representative images of WT, GCT:GAD24 #2 and #5 plants
before (O day) and after (10 days) drought treatment as indicated. Pot size
2.5 inch diameter x 2.25 inch height (LI-COR). All data are plotted with box
and whiskers plots: whiskers plot represents minimum and maximum
values, and box plot represents second quartile, median and third quartile
(b, ©), or data are represented as mean * s.e.m (d); statistical difference
was determined using one-way ANOVA (b, ) or two-way ANOVA (d); *P
<0.05, **P<0.01 and ***P < 0.001

seen in intact leaves. However, epidermal peels still represent an
assay system that can be used to test whether ALMT might
transduce the inhibitory effect of GABA on closure. We observed
that, unlike wild-type plants, stomatal closure in almt12 knock-
outs was insensitive to GABA or muscimol when transitioning
from light-to-dark (Supplementary Fig. 13a). In contrast,
stomatal opening of almt12 lines showed wild-type-like sensitivity
to GABA or muscimol when transitioning from dark to light
(Supplementary Fig. 13b). These data indicate that ALMT12 is a
plasma membrane GABA target that affects stomatal closure in
response to dark—in epidermal peels at least.

However, if GABA inhibition of ALMT12/QUACI played a
significant role during drought, then the resulting inhibition of
closure would translate into an increase in water loss compared to
wild-type plants during closure. As we found no evidence that
GABA had an effect on closure in intact leaves, under a light-to-
dark transition as measured by stomatal conductance or
transpiration (Fig. 2¢; Supplementary Fig. 2a), and the fact that
GABA accumulation led to a net decrease in water loss and
improvement in drought resilience, ALMT12 is unlikely to be a
major target contributing to this outcome. We therefore focused
on tonoplast-localised ALMTs that are involved in stomatal pore

opening2l, as this is the process where GABA has its predominant
affect in intact leaves.

ALMTS is the major tonoplast-localised channel involved in
anion uptake into guard cell vacuoles during stomatal opening,
but has no documented role in closure?!. We hypothesised that
GABA might target and inhibit ALMTS activity to reduce the rate
or extent of stomatal opening. We initially attempted in vitro
electophysiological studies to examine the impact of GABA on
ALMT9-induced currents, but were unable to consistently detect
stable currents following heterologous expression in either
Xenopus laevis oocytes or tobacco mesophyll cells?4!, Therefore,
we examined the potential regulation of ALMT9 by GABA by
focusing solely on in planta studies as it is difficult to faithfully
replicate regulatory pathways from guard cells in heterologous
systems, e.g.*2~47_ In the first instance, we independently crossed
two almt9 alleles (almt9-1 and almt9-2) with gad2-1. We found
that, similar to gad2, both double mutants (gad2-1/almt9-1 and
gad2-1/almt9-2) maintained low GABA accumulation in their
leaves (Fig. 6a, b; Supplementary Fig. 14a, e). However, both
gad2-1/almt9-1 and gad2-1/almt9-2 had wild-type-like stomatal
conductance and aperture unlike gad2-1 where both these
parameters are high (Fig. 6¢, d; Supplementary Fig. 14d, f).
Furthermore, guard cell-specific complementation of gad2-1/
almt9-1 by GAD2A did not alter stomatal conductance (Supple-
mentary Fig. 14a-d). Collectively, these data are consistent with
ALMT9 being required for GABA to regulate gas exchange via
stomatal control. An interesting additional observation was that
the loss of ALMT9 in gad2-1 also resulted in ABA inducing
stomatal pore closure to wild-type levels (Supplementary
Fig. 14g-j), indicating that, although ALMT?9 is a channel that
regulates stomatal opening, it can influence the extent to which
stomatal pores close under certain conditions (in epidermal peels
at least). The incomplete stomatal closure of gad2 coupled to its
greater stomatal opening may further contribute to its drought
sensitivity. These findings are consistent with the regulation of
stomatal aperture being a dynamic equilibrium between the
pathways that regulate stomatal opening and closure, with
stomatal aperture being weighted towards a particular state
dependent upon the dominant stimuli484%.

To further test whether ALMT9 transduces GABA signalling,
we examined the effect of GABA on regulating stomatal opening
in almt9 mutant plants. In wild-type plants, we previously showed
that light-induced stomatal opening was inhibited by exogenous
GABA (Fig. 2a) or muscimol (Supplementary Fig. la). In almt9
lines, exogenous GABA or muscimol did not antagonise stomatal
opening (Fig. 7a, b; Supplementary Fig. 15a, b), whereas dark-
induced stomatal closure in almt9 retained its GABA sensitivity
(Fig. 7¢, d; Supplementary Fig. 15¢, d). These results are consistent
with GABA reducing stomatal opening via negative regulation
ALMT9-mediated Cl~ uptake into guard cell vacuoles. Further-
more, it strongly indicates the corollary of this finding, that the
higher stomatal conductance phenotype of gad2 is the result of
greater ALMT?9 activity due to its lack of inhibition by GABA.

We tested this hypothesis by attempting to complement almt9
plants with either the native channel or a site-directed ALMT9
mutant (ALMT9F28C/Y245C) The mutations within ALMT9F243C/
Y245C are in the 12 amino acid residue motif that shares homology
with a GABA binding region in mammalian GABA 4 receptors! 415,
Mutations in the aromatic amino acid residues in this motif have
been shown for other ALMTs to result in active channels that are not
inhibited by GABA when tested in heterologous systems*? (Fig. 8;
Fig. 9). However, no in planta tests have been conducted to date—for
any ALMT—to determine whether mutations in this region result in
a transport competent protein that lacks GABA sensitivity, Here, we
observed that ALMT9 and ALMT9F4CY245C had  similar
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expression in almt9-2 complementation lines and the mutations (in
ALMTOF243CY245C) gid not alter the membrane localisation with
both versions of the ALMT9 protein being clearly present on the
tonoplast (Supplementary Fig. 16). Further, we found that similar to
almt9 lines, almt9-2 expressing ALMTGF243C/Y245C o g insensitive to
GABA during a dark-to-light transition assayed on epidermal peels
and detached leaves, for stomatal opening and stomatal conductance,
respectively; this contrasts the GABA sensitivity of wild-type plants
and plants expressing native ALMT9 in the almt9-2 background
(Figs. 2c and 8a, b, d, £ Supplementary Fig. 17a, b, d, e, g h).
Furthermore, instantaneous iWUE/WUE of alnt9-2 was improved
by native ALMT9 complementation, but not ALMTgF243C/Y245C
(Fig. 8¢, e, g Supplementary Fig. 17c, f, i). Steady-state stomatal
conductance and aperture of ALMTH2CY25C Jines were also
significantly greater than that of wild-type and almt9 lines and were
insignificant from gad2-1 under standard conditions (Fig. 9;
Supplementary Fig. 17j). This result indicates that we successtully
complemented almt9 with an active, but GABA-insensitive form of
ALMT?9, and that this increased transpirational water loss over wild-

8 NATURE COMMUNICAT

Fig. 8 ALMT9 but not ALMT9F243C/Y245C pestores the GABA sensitivity
of almt9-2. a Stomatal aperture measurement of A. thaliana WT, almt9-2
and complementation lines. Epidermal strips were pre-incubated in
stomatal measurement buffer for 1h under dark, followed by a 1.5 h dark-to-
light transition, as indicated above graphs by black (dark) or white (light)
bars, £2mM GABA; n =189 (control) and n =195 (GABA) for WT-like 2
(segregated from almt9-2)?1, n =197 (control) and n =153 (GABA) for
almt9-2, n= 213 (control) and n =178 (GABA) for almt9-2 complement
with 35S:ALMT9 #1 (aimt9-2/ALMTS #1), n = 219 (control) and n =127
(GABA) for almt9-2/ALMT9 #2, n =195 (control) and n =115 (GABA) for
almt9-2 complemented with 355:ALMT9 with double mutation F243C/
Y245C (ALMTGF243C/Y245C) targeting the putative GABA interaction
residues'®36.39 (almt9-2/F243C/Y245C #1), n=221 (control) and n =109
(GABA) for almt9-2/F243C/Y245C #2 with control treatment. b-g Leaf
feeding assay of almt9-2 and complementation lines. Stomatal conductance
of detached leaves from 5-6-week-old Arabidopsis almt9-2, almt9-2/ALMT9
#2 and almt9-2/F243C/Y245C #1 plants was recorded using a LI-COR LI-
6400XT in response to dark (shaded region) and 200 umol m=2s~" light
(white region), fed with artificial xylem sap solutions + 4 mM GABA (b, d,
). The iIWUE of almt9-2 (c), almt9-2/ALMTS #2 (e) and almt9-2/F243C/
Y245C #1 (g) detached leaves was calculated based on the ratio of
photosynthetic rate (Supplementary Fig. 17b, e, h) versus stomatal
conductance (b, d, £); n =14 (control) and n =13 (GABA) for almt9-2 (b,
¢); n =15 (control and GABA) for almt9-2/ALMTS #2 (d, e); n =13
(control) and n =12 (GABA) for almt9-2/F243C/Y245C #1 (f, g). All data
are plotted with box and whiskers plots: whiskers plot represents minimum
and maximum values, and box plot represents second quartile, median and
third quartile (a, ¢, e, g), or data are represented as mean +s.e.m (b, d, f);
statistical difference was determined by two-sided Student's t test; *P <
0.05, **P<0.01, ****P<0.0001 (a-g).
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Fig. 9 ALMT9F243C/Y245C jncreases steady-state stomatal conductance.
Stomatal conductance of 5-6-week-old Arabidopsis WT, gad2-1, almt9-2 and
complementation lines determined using an AP4 Porometer; n =18 for
WT, n=12 for WT-like 2, almt9-2/ALMT9 #2 and almt9-2/F243C/Y245C
#1, n =13 for almt9-2, almt9-2/ALMTS #1 and almt9-2/F243C/Y245C #2,
n = 27 for gad2-1. All data are plotted with box and whiskers plots: whiskers
plot represents minimum and maximum values, and box plot represents
second quartile, median and third quartile; statistical difference was
determined by one-way ANOVA, the letters a, b and c represent data
groups that are not statistically different, P < 0.05.
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type levels. These data are completely consistent with ALMTO being
a GABA target that regulates plant water loss, even under non-
stressed conditions, through modulation of ALMT9 activity. The
GABA effect is then amplified under a water deficit when GABA
concentration increases. We propose that GABA accumulation has a
role in promoting drought resilience by reducing the amplitude of
stomatal re-opening each morning, which minimises whole plant
water loss. As such, the GABA-ALMT pathway is a strong candidate
for constituting the ABA-independent stress memory of a decreased
soil water status that has been previously proposed without
mechanistic attribution3051,

Discussion

The data in this manuscript have unveiled a GABA signalling
pathway in plants, which can be summarised by the simplified
models presented in Fig. 10. We propose that cytosolic GABA
signals, generated by GAD2, modulate stomatal opening, WUE
and drought resilience transduced through negative regulation of
ALMT? activity (Fig. 10).

Collectively our use of leaf feeding, knockouts, com-
plementation and point mutagenesis strongly suggests ALMT9
is an essential and major component transducing GABA sig-
nalling in guard cells during well-watered and drought condi-
tions. As has become evident for other guard cell based
signalling pathways through their examination over time*2-#7
we are cognizant of the potential that other GABA response
elements, including other ALMT, may be involved in trans-
ducing and fine-tuning this signalling pathway. Our finding
that GABA does not impact stomatal closure in epidermal peels
of almti2 knockouts infers a potential role for this plasma
membrane localised ALMT12 in transducing guard cell GABA
signals. The fact that light-induced stomatal opening and dark-
induced stomatal closure was completely GABA insensitive in
almt9xalmi12 knockouts (Supplementary Fig. 18) suggests that
both channels have the potential to transduce the major effects
of GABA in guard cells.

a

However, it is interesting that GABA inhibition of stomatal
opening was consistently seen between epidermal peel assays and
leaf feeding, whilst GABA only inhibited stomatal closure during
isolated epidermal peel experiments, but not when it was fed to
leaves. This suggests that GABA acts through ALMT12 on pro-
cesses associated with stomatal closure, but in the context of an
intact leaf this phenotype is lost, which is likely due to the loss of
functional epidermal and/or mesophyll cells. This is consistent
with the growing body of evidence that indicates stomatal aper-
ture experiments on isolated epidermal peels require validation
via studies on intact leaves to avoid overinterpreting potential
artifacts from this reductionist system. However, it also means we
cannot fully rule out whether GABA inhibition of stomatal clo-
sure does have a role under certain physiological scenarios that
are yet to be identified. Therefore, in future studies, it would be
pertinent to examine whether ALMT12-dependent GABA inhi-
bition of stomatal closure has a physiological role in transducing
GABA signals in conditions not examined here, and, more
broadly, whether other ALMTs or additional elements are
involved in GABA signal transduction.

ALMT activity appears to be regulated by a suite of factors
including anions, (AP* for ALMTI), pH, ATP, voltage and
GABA>2, As such, it is becoming clear that ALMTs have the
potential to act as a key signalling hub in a variety of physiological
processes. Following on from this study, leading on from the
observed GABA modulation of ABA, H,0, and coronatine effects
on stomata, the investigation into cross-talk between GABA and
other signals for ALMT9, in particular, and ALMTs, in general,
provides the basis for future research areas. Such studies will be
able to resolve questions such as ‘whether GABA can act directly
on guard cell ALMTs?, as appears to occur for wheat
ALMT1183% or ‘whether other signalling intermediates are also
involved?. GABA inhibition of the wheat ALMT1 anion con-
ductance was recently found to occur from the cytosol only, by
reducing the open probability of the channel to anions®. How-
ever, that study was unable to determine whether this occurred
through permeation of uncharged GABA through the ALMT

Normal

Drought

Fig. 10 Proposed model of GABA-mediated signalling for the regulation of water use efficiency. a Cytosolic guard cell GABA negatively regulates
ALMT9-mediated anion uptake into guard cell vacuoles, which fine tunes stomatal opening (left guard cell of pair). Depletion of GABA accumulation in the

leaves of GADZ loss-of-function mutant (gad2) de-regulates ALMT9, maximizing anion uptake and accumulation in guard cell vacuoles. This leads to a

more open stomatal pore, greater water loss and lower WUE of plants (right guard cell of pair). This stomatal phenotype can be replicated by replacing
F243/Y245 (red dot) with two cysteines, which abolishes GABA sensitivity of ALMTS. b Leaf GABA synthesized and accumulated during water deficit
reduces ALMT9-mediated vacuolar anion uptake into guard cells, which requires amino acid residues F243/Y245 (red dot) (right guard cell of pair). This
reduces stomatal opening, reducing the pore aperture and enhances plant WUE under drought stress compared to guard cells under standard conditions in
the light (left guard cell of pair). Note: We have excluded ALMT12 from this model as we did not find a role for this protein in GABA modulation of water
use efficiency in planta, despite its role in GABA modulation of stomatal aperture found within epidermal peels.
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pore or through GABA binding modifying channel structure®®,
Cytosolic GABA inhibition was dependent upon the putative
GABA binding residue F213 (equivalent to F243 in ALMTS,
which is also predicted to face the cytosol)?®>3. Our study
therefore highlights the real need to definitively determine whe-
ther GABA binds to ALMTs or whether the identified amino acid
residues affect GABA sensitivity independent of anion perme-
ability through other means. For instance, future studies should
address whether GABA permeability of ALMTs has a role in
signal transduction in guard cells and the regulation of other
physiological processes®©. These later questions would be aided by
the determination of GABA concentrations in different cell types
and compartments to further understand the co-ordination of
GABA signalling across membranes, leaves and other organs, and
this could be achieved through the deployment of novel GABA
sensors, as recently used in animal tissues®#°,

GABA concentration oscillates over diel cycles and increases in
response to multiple abiotic and biotic stresses including drought,
heat, cold, anoxia, wounding pathogen infection and salinity>.
ALMTSs have been implicated in modulating multiple develop-
mental and physiological processes in plants?’-22-56-38 including
those underpinning nutrient uptake and fertilization that are
affected by GABA!85%60, Therefore, the discovery that GABA
regulates ALMT to form a physiologically relevant signalling
mechanism in guard cells is likely to have broad significance
beyond stomata, particularly during plant responses to environ-
mental transitions and stress.

GABA’s effect on stomata appears to be conserved across a
large range of crops from diverse clades including important
monocot and dicot crops (Supplementary Fig. 5), indicating that
GABA may well be a stomatal signal of economic significance. As
we find that the genetic manipulation of cell-type specific GABA
metabolism can reduce water loss leading to improved drought
performance, our work opens up alternative ways for manip-
ulating crop stress resilience. This statement is tempered in the
knowledge that GABA modulated stomatal signalling in the face
of another signal and did not stimulate changes in stomatal
aperture itsell. GABA’s role appears to be that of fine-tuning
stomatal aperture. Our data suggest that GABA modulated sto-
matal movement occurs in response to light and dark and low
concentrations of signal intermediates, but in the face of a strong
stress stimulus its affects may be overridden. As such, GABA may
well provide a direct link between the metabolic status of the cell
—GABA being produced in the cytosol in times of stress as a
bypass of several reactions of the TCA cycle—to regulate and
sustain a certain physiological process prior to it being shut down
via a more severe stress response pathway. More broadly, this
study also provides proof that GABA is a plant signalling mole-
cule and not just a plant metabolite!>1€, and in so doing, we
conclude that GABA is an endogenous signalling molecule
beyond the animal and bacterial kingdoms, enacted through
distinct and organism specific mechanisms.

Methods
Plant materials and growth conditions. All experiments were performed on A
thaliana were in the Columbia-0 (Col-0) ecotype background, unless stated. Ara-
bidopsis wild type, T-DNA insertion mutant and other transgenic plants were
germinated and grown on 'z Murashige and Skoog (MS) medium with 0.8%
phytagel for 10 days before being transferred to soil for growth in short-day
conditions (100120 pmol m~%s~!, 10h light/14 h dark) at 22 °C. The T-DNA
insertion mutant gad2-1 (GABI_474_E05) and gad2-2 (SALK_028819) were
obtained from the Arabidopsis Biological Resource Centre (ABRC). gad2-1 was
selected using primer sets:

gad2_LP1 (5-TATCACGCTAACACCTAACGC-3"), gad2 RP1 (5'-
TTCAAGGTTTGTCGGTATTGG-3') and GABI_LB (5-GGGCTACAC
TGAATTGGTAGCTC-3’) for removing the second T-DNA insert; gad2_LP2 (5'-
ACGTGATGGATCCAGACAAAG-3'), gad2_RP2 (5-TCTTCATTTCCAC
ACAAAGGC-3') and GABI_LB for isolation of the GAD2 (At1g65960) T-DNA
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insertion, gad2-2 was selected using primer sets: gad2-2_LP (5-AGTTGTATGAA
AGTTCATGTGGC-3'), gad2-2_RP (5-TCGACCACGAGATTTTAATGG -3))
and SALK_LB (5"-ATTTTGCCGATTTCGGAAC-3"). almt9-1 (SALK_055490),
almt9-2 (WiscDsLox499H09)), almt12-1 (SM_3_38592) and almt12-2
(SM_3_1713) were selected as described prcviouslyzwl. The double mutant lines
gad2-1/almt9-1, gad2-1/almt9-2, almt9-2/12-1 and almi9-2/12-2 were obtained,
respectively, from crossing the respective mutants. The mesophyll enhancer-trap
line JR11-2 in the Col-0 background was kindly provided by K. Baerenfaller (ETH
Zurich)®L. JR11-2 (Col-0) and gad2-1/JR11-2 were segregated from crossing gad2-1
with JR11-2. JR11-2 was selected using primer sets: JR11-2_LP (5-TTATTTAGGG
AAATTACAAGTTGC-3"), JR11-2_RP (5-AGACACATTTAATAACATTACAAC
AAA-3) and JR11-2_LB (5-GTTGTCTAAGCGTCAATTTGTTT-3"%2 All
experiments were performed on stable T transgenic plants or confirmed
homozygous mutant lines. The other plants V. faba, N. benthamiana and G. max
were grown in soil in long-day conditions (400 pmol m~2s7!, 16 h light/8 h dark,
28°C/25°C). H. vulgare (barley) cv. Barke was grown in a hydroponic system with
half-strength Hoagland’s solution in long-day conditions (150 pmol m—2s5-1 16h
light/8 h dark, 23 °C)63,

Gene cloning and plasmid construction. For guard cell-specific complementa-
tion, the constitutively active form of GAD2 with a truncation of the calmodulin
binding domain (GAD24)3% and the full-length GAD2 coding sequence (GAD2)
was driven by a guard cell-specific promoter GCI (—1140/4-23)*, as designated
GC1:GAD2A and GCI1:GAD2, respectively. PCR reactions first amplified the
truncated GAD2A with a stop codon and GCI promoter (GCI) separately using
Phusion® High-Fidelity DNA Polymerase (New England Biolabs) with the primer
sets: GAD2_forward (5'-CACTACTCAAGAAATATGGTTTTGACAAAAACC
GC-3") and GAD2_truncated_reverse (5"-TTATACATTTTCCGCGATCCC-3);
GC1_forward (5'-CACCATGGTTGCAACAGAGAGGATG-3') and GC1_reverse
(5'-ATTTCTTGAGTAGTGATTTTGAAG-3'). This was followed by an overlap
PCR to fuse the GCI promoter to GAD2A (GC1:GAD2A) with the GCI_forward
and GAD2_truncated_reverse primer set. The same strategy was used to amplify
GC1:GAD2A without a stop codon (GCl:GAD2A-stop), GC1:GAD2 and GCl::
GAD2 without a stop codon (GCI1:GAD2-stop) with different primer sets: (1) GCI::
GAD2A-stop amplified with GAD2_forward and GAD2_truncated-stop_reverse
(5"-TACATTTTCCGCGATCCCT-3'); (2) GCI::GAD2 amplified with GAD2_for-
ward and GAD2_reverse (5'-TTAGCACACACCATTCATCTTCTT-3') and (3)
GC1:GAD2-stop amplified with GAD2_forward and GAD2-stop_reverse (5
CACACCATTCATCTTCTTCC-3'). The fused PCR products were cloned into the
pENTR/D-TOPQ vector via directional cloning (Invitrogen). pENTR/D-TOPO
vectors containing GCI:GAD2A or GC1:GAD2 were recombined into a binary
vector pMDC99% by an LR reaction using LR Clonase 11 Enzyme mix (Invitrogen)
for guard cell-specific complementation, after an insertion of a NOS Terminator
into this vector. A pMDC99 vector was cut by Pacl (New England Biolabs) and
ligated with NOS terminator flanked with Pacl site using T4 DNA ligase (New
England Biolabs). This NOS terminator flanked with Pacl site was amplified with
primer set: nos_Pacl_forward (5-TACGTTAATTAAGAATTTCCCCGAT-3') and
nos_Pacl_reverse (5-GCATTTAATTAAAGTAACATAGATGACACC-3') and
cut by restriction enzyme Pacl before T4 DNA ligation. GC1:GAD2A-stop and
GCl1:GAD2-stop were recombined from the pENTR/D-TOPO vector into a
pMDC107 vector that contained a GFP tag on the C-terminus (GCI1:GAD2A-GFP
and GCI:GAD2-GFP)™,

To create GAD2 complementation driven by a constitutive 355 promoter, the
full-length GAD2 was also amplified using primer set GAD2_forward2 (5'-CACC
ATGGTTTTGACAAAAACCGC-3') and GAD?2_reverse and cloned into pENTR/
D-TOPQ vector via directional cloning (Invitrogen), followed by an LR reaction
recombinant into pMDC32%4, For mesophyll specific complementation, GAD2A
with a stop codon was amplified with the GAD2_forward2 and
GAD2_truncated_reverse primer set, and cloned into the pENTR/D-TOPO vector,
followed by an LR reaction recombined into the pTOOLS vector (UAS:GAD2A)SS,

For almi9-2 complementation, the pART27 binary vector containing the
ALMT9 coding sequence?! was used for native ALMT9 complementation driven by
the 358 promoter, and also used as a template for a site-direct mutagenesis PCR to
replace F243 and Y245 of ALMT9 with two cysteines (ALM T9F2430/Y245C) yysing
the primer sets: ALMT9_DoubleF (5-GTTTAGGTGTTAATATGTGTATCTGT
CCTATATGGGCTGGAGAGG-3") and ALMT9_DoubleR (5-CCATATAGGACA
GATACACATATTAACACCTAAACTAACACCAGCACC-3).

For GAD2 expression analysis, a 1 kb sequence upstream of the GAD2 start
codon was designated as the GAD2 promoter (pGAD2) and amplified using primer
set proGAD2_F (5-ATTTTGAATTTGCGGAGAATCT-3') and proGAD2_R (5'-
CTTTGTTTCTGTTTAGTGAAAGAGAA-3"). The pGAD2 PCR product was
cloned into pCR8/GW/TOPO via TA cloning and recombined via an LR reaction
into the pMDCI162 vector containing the GUS reporter gene for histochemical
assays®. The binary vectors, pMDC32, pMDC99, pMDC107, pMDC162, pTOOLS
and pART27 carrying sequence-verified constructs, were transformed into
Agrobacterium strain AGLI for stable transformation in Arabidopsis plants.

Stomatal aperture and density . Soil n Arabidopsis (5 k
old) were used for stomatal aperture and density measurements. Two-to-three-week-
old soybean, broad beans and barley and 5-6-week-old tobacco were used for
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stomatal aperture assays. Epidermal strips from Arabidopsis, soybean, faba bean and
tobacco were peeled from abaxial sides of leaves, pre-incubated in stomatal pore
measurement buffer containing 10 mM KCl, 5 mM L-malic acid, 10mM 2-
ethanesulfonic acid (MES) with pH 6.0 by 2-amino-2-(hydroxymethyl)-1,3-propa-
nediol (Tris) under light (200 pmolm’z s 1) or darkness and transferred into sto-
matal pore measurement buffer with blind treatments as stated in the figure legend.
For barley epidermal stomatal assays, a modified method was used®: the second fully
expanded leaf from 2-week-old seedlings was used as experimental material, leaf
samples were first detached and bathed in a modified measurement buffer (50 mM
KCI, 10 mM MES with pH 6.1 by KOH) under light (150 pmol m=2s~1) for 1.5h ar
darkness for 1 h, then pre-treated in the same buffer with or without 1 mM GABA for
0.5 h; after this pre-treatment, samples were incubated in continuous dark, light,
light-to-dark or dark-to-light transition for an additional 1h as indicated in the figure
legend before leaf epidermal strips were peeled for imaging. For Arabidopsis stomatal
density measurement, epidermal strips were peeled from abaxial sides of young and
mature leaves, three leaves per plants, three plants per genotype. Epidermal strips for
both aperture and density measurement were imaged using an Axiophot Pol Pho-
tomicroscope (Carl Zeiss) apart from the barley epidermal strips imaged using an
Nikon Diaphot 200 Inverted Phase Contrast Microscope (Nikon). Stomatal aperture
and density were analyzed using particle analysis (http://rsbweb.nih.gov/ij/).

Stomatal conductance measurement. All stomatal conductance measurements
were performed on 5-6-week-old Arabidopsis plants. The stomatal conductance
determined by the AP4 Porometer (Delta-T Devices) was calculated based on the
mean value from 2-3 leaf recordings per plant (Figs. 3b, 4¢, 5c¢, 6¢c, d and 9;
Supplementary Fig. 10d, 11d, g and 14¢). The time-dependent stomatal con-
ductance, transpiration and photosynthetic rate was recorded using LI-6400XT
Portable Phatosynthesis System (LI-COR Biosciences) equipped with an Arabi-
dopsis leaf chamber fluorometer (under 150 pmolm 25! light with 10% blue
light, 150 mmol s~ flow rate, 400 ppm CO, mixer, ~50 % relative humidity at
22°C) as indicated (Fig. 4d; Supplementary Fig. 8g, h).

ABA measurement. The analysis of Arabidopsis leaf ABA concentration followed
a method as described previously®”. Briefly, >50 mg of ground fresh leaf samples
were used to determine ABA concentration using an Agilent 6410 Series Triple
Quad liquid chromatography (LC)-mass spectrometer (MS)/MS, equipped with
Agilent 1200 series HPLC (Agilent Technologies) using a Phenomenex C18 col-
umn (75mm x 4.5 mm x 5 pm) with a column temperature set at 40 °C. Solvents
were nanopure water and acetonitrile, both with 0.05% acetic acid. Samples were
cluted with a linear 15-min gradient from 10 to 90% acetonitrile. Compounds were
identified by retention times and mass/charge ratio.

Water-deficit drought assay. Plants were germinated on % MS medium with
0.8% phytagel for 10 days in short-day conditions (100-120 pmolm—2s~', 10h
light/14 h dark) at 22 °C before being transferred to pots (size 2.5 inch diameter x
2.25 inch height, LI-COR Bioscience) with soil, containing coco peat/Irish peat (1:1
ratio). Prior to 10-day-old seedling transfer, all pots were weighed on an Ohaus
ARA520 Adventurer Balance and soil was aliquoted into the pots within +0.1g
between all replicates within an experimental run, randomly placed in growth
cabinet and moved every other day in the same environmental conditions stated
above. The starting weight varied amongst experimental runs dependent upon soil
moisture (from 75 to 78 g). The drought assay was performed on 5-6-week-old
Arabidopsis plants (Figs. 3, 4g, h and 5; Supplementary Figs. 6a-c, 9 and 11c-¢). All
plants were well-watered (saturated) the night before the drought assay, but not
watered again during the assay. During the drought assay, all plants were randomly
moved around once a day to avoid any bias of uneven light distribution or air flow
within the cabinet that may differentially affect water loss.

At each sampling point, fresh weight of 2-3 leaves per plant was determined on
an Ohaus Explorer E02140 balance (in Fig. 3a, Supplementary Figs. 6¢ and 11¢, this
occurred immediately after the rest of the leaf rosctte was snap frozen in liquid
nitrogen for later GABA measurement). Sampled leaves were then rehydrated to
full turgid weight in ultrapure water overnight and measured after surface water
was dried with paper towel. Dry weight was determined at 65°C for 1 day. Leaf
RWC was calculated as (Figs. 3¢, 4g and 5d; Supplementary Figs. 6a and 11e)

Fresh weight — Dry weight

e e o ) Gt -l
B Turgid weight — Dry weight

x 100% (1)
At each sampling point, fresh soil weight of the whole pot (Mwet) and dry soil
weight after drying the soil (Mdry) at 105 °C for 3 days was measured using an
Ohaus ARA520 Adventurer Balance (Supplementary Fig. 6b). Gravimetric soil
water content (0g) of the whole soil in the pots was calculated as

_ Mwet — Mdry

B Mdry

(2)

Leaf feeding assay. The stomatal conductance, transpiration and photosynthetic
rate of the detached leaf feeding assay was recorded using either a LCpro-SD

Portable Photosynthesis System (ADC Bioscientific) with 350 pmol m~2 s~ light,
200 pumols s~ flow rate and 400 ppm CO, at 22 °C (Supplementary Fig. 1c, d) or
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LI-COR LI-6400XT (LI-COR Biosciences) with 200 pmol m~2s~! light, 150
pmols s~! flow rate and 400 ppm CO;, at 22 °C (Figs. 2c and 8b, d, £ Supple-
mentary Figs. 2a, b and 17a, b, d, e, g, h). The detached leaf was fed with artificial
xylem sap solution modified as described®, containing 1 mM KH,PO,, 1 mM
K,HPO,, 1 mM CaCly, 0.1 mM MgSO,, 1 mM KNO;, 0.1 mM MnSO,, 1 mM K-H-
malate, pH 6.0 (KOH) with or without GABA or muscimol supplement as indi-
cated, detached leaves were pre-fed under 150 pmol m 2g-1 light to allow the
uptake of treatments for 45-60 min before recording. iWUE and WUE were cal-
culated based on the equation as described in ref. 2.

GABA measurement. GABA concentration was determined using ultra perfor-
mance LC (UPLC) as described previously®®. Briefly, GABA was extracted from
samples using 10 mM sodium acetate and derivatized with the AccQ Tag Ultra
Derivatization Kit (Waters). Chromatographic analysis of GABA was performed
on an Acquity UPLC System (Waters) with a Cortecs or Phenomenex UPLC C18
column (1.6 ym, 2.1 x 100 mm). The gradient protocol for amino acids analysis was
used to measure GABA with mobile solvents AccQ Tag Ultra Eluents A and B
(Waters). Standard GABA solution was used for calibration ranging from 0 to 150
uM. The results were analyzed by Empower chromatography software version 3
(Waters).

GUS histochemical staining assays. A GUS histochemical assay was performed
using the methods described previously®®, Three-to-four-week-old transgenic
PpGAD2:GUS plants were stained in buffer containing 50 mM Na phosphate pH =
7.0, 10 mM EDTA, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide,
0.1% (v/v) Triton X-100 and 0.1% (w/v) X-Gluc (5-bromo-4-chloro-3-indolyl f-D-
glucuronide) during a 1.5 h incubation at 37 °C in the dark. The stained plants were
destained in 70% ethanol. GUS-stained plants were imaged using an Axiophot Pol
Photomicroscope (Carl Zeiss).

Fluorescence microscopy. The fluorescence of fluorescent proteins in transgenic
£ad2-1/GC1:GAD2A-GFP, gad2-1/GC1:GAD2-GFP and WT/GCI1:GAD2A-GFP
plants was imaged by confocal laser scanning microscopy using a Zeiss Axioskop 2
mot plus LSM5 PASCAL and argon laser (Carl Zeiss). Sequential scanning and
laser excitation was used to capture fluorescence via the LSM5 PASCAL from GFP
(excitation = 488 nm, emission band-pass = 505-530 nm), chlorophyll auto-
fluorescence (excitation = 543 nm, emission long-pass = 560 nm). The fluores-
cence of fluorescent proteins in the mesophyll protoplasts of transgenic alnt9-2
complementation lines and N. benthamiana (Supplementary Fig 16¢, d) was
imaged using Nikon AR Laser Scanning Confocal with DS-Ril CCD camera.
Sequential scanning and laser excitation was used to capture fluorescence via the
Nikon A1R Laser Scanning Confocal from GFP (excitation = 488 nm, emission =
525-575nm), chlorophyll autofluorescence (excitation = 561 nm, emission =
595-645nm).

Reverse transcriptional PCR. Reverse transcriptional PCR was determined by
PCR amplification on ¢cDNA synthesized from RNA extracted from plants as
indicated. PCR amplified GAD2, Actin2, GFP, GAD2 mRNA, UAS:GAD2A and
ALMTY using Phire Hot Start II DNA Polymerase (Invitrogen) with primer sets:

GAD2_rt_F (5'-ACGTGATGGATCCAGACAAAG-3') and

GAD2_rt-R (5 TACATTTTCCGCGATCCCT-3');

Actin2_rt_F (5'-CAAAGGCCAACAGAGAGAAGA-3') and

Actin2_rt_R (5-CTGTACTTCCITTCAGGTGGTG-3");

GFP_1t_F (5-GGAGTTGTCCCAATTCTTGTT-3) and

GFP_rt_R (5-CGCCAATTGGAGTATTTTGT-3);

GAD2mRNA 1t F (5'-ACGTGATGGATCCAGACAAAG-3') and

GAD2mRNA_rt_R (5“TCTTCATTTCCACACAAAGGC-3');

UAS_GAD2_rt_F (5'-TCACTCTCAATTTCTCCAAGG-3") and

UAS_GAD2_rt_R (5-CGGCAACAGGATTCAATCTTAAG-3');

ALMT9_rt_F (5-AATACTCGAGAAACGGGAGAG-3') and

ALMT9_rt_R (5-CATCCCAAAACACCTACGAAT-3').

Quantitative real-time PCR analysis. Quantitative reverse transcription PCR was
performed using KAPA SYBR FAST ABI PRISM kit (Kapa Biosystems) using a
QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher Scientific) to
determine the expression levels of GADI, GAD2, GAD3, GAD4, GADS5, GABA-T,
ALMT9, ALMT12, RD29A and RD22 genes with primer sets:

GAD1_gF (5-TCTCAAAGGACGAGGGAGTG-3') and

GADI1_gR (5'-AACCACACGAAGAACAGTGATG-3");

GAD2_gF (5-GTCTCAAAGGACCAAGGAGTG-3') and

GAD2_gR (5'-CATCGGCAGGCATAGTGTAA-3');

GAD3_gF (5-CCGTTAGTGGCGTTTTCTCT-3") and

GAD3_gR (5-TCTCTTTGCGTCTCCTCTGG-3");

GAD4_gF (5-GTGTTCCGTTAGTGGCGTT-3¥) and

GAD4_gR (5'GTCTCCTCTGGCGTCTTCTT-3');

GAD5_gF (5"-TCAACCCACTTTCACTCTCA-3) and

GAD5_gR (5'-TTCCTTCTCTTAGCCTCCTT-3');

GABA-T_gF (5-AGGCAGCACCTGAGAAGAAA-3') and

GABA-T_gR (5-GGAGTGATAAAACGGCAAGG-3');
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ALMTY_gF (5-CAGAGAGTGGGCGTAGAAGG-3} and
ALMT9_gR (5-GGATTTGAAGGCGTAGATTGG-3);
ALMTI12_gF (5-TTGACGGAACTCGCAGATAG-3") and
ALMT12_gR (5-CGATGGAGGTTAGAGCCAAG-3');

RD29A_qF (5-AAACGACGACAAAGGAAGTG-3') and
RD29A_gR (5-ACCAAACCAGCCAGATGATT-3);

RD22_qF (5-AGGGCTGTTTCCACTGAGG-3') and

RD22_gR (5'- CACCACAGATTTATCGTCAGACA-3).
Expression levels of each gene was normalised to three control genes—Actin2,
EFle and GAPDH-A—that were amplified with primer sets:
Actin2_qF (5-TGAGCAAAGAAATCACAGCACT-3") and
Actin2_qR (5'-CCTGGACCTGCCTCATCATAC-3);

EFla_gF (5-GACAGGCGTTCIGGTAAGGAG-3') and

EFla_gR (5-GCGGAAAGAGTTTTGATGTTCA-3");
GAPDH-A_gF (5-TGGTTGATCTCGTTGTGCAGGTCTC-3') and
GAPDH-A_qR (5-GTCAGCCAAGTCAACAACTCICTG-3).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Sequence data used in this paper can be found in The Arabidopsis Information Resource
database (https://www.arabidopsis.org/) under the following accessions: GAD!
(f\ﬂigl?}l(])‘ GAD2 (l\”gﬁi‘)ﬁﬂ), GAD3 (I\IZS(}ZUU(J), GAD4 (I\QZgﬂZIHE)), GADS
(At3g17760), GABA-T (At3g22200), ALMT9 (At3g18440), ALMTI2 (Atdgl7970),
RD29A (At5g52310) and RD22 (At5g25610). Other data that support the findings of this
study are available from the corresponding author upon request. Source Data are
provided with this paper.

Received: 19 December 2019; Accepted: 4 February 2021;
Published online: 29 March 2021

References
i

w

Keenan, T. F. et al. Increase in forest water-use efficiency as atmospheric
carbon dioxide concentrations rise. Nature 499, 324 (2013).

Papanatsiou, M. et al. Optogenetic manipulation of stomatal kinetics improves
carbon assimilation, water use, and growth. Science 363, 1456-1459 (2019).
Hetherington, A. M. & Woodward, F. I. The role of stomata in sensing and
driving environmental change. Nature 424, 901 (2003).

Shimazaki, K.-i, Doi, M., Assmann, §. M. & Kinoshita, T. Light regulation of
stomatal movement. Annu. Rev. Plant Biol 58, 219-247 (2007).

Sussmilch, F. C., Schultz, ], Hedrich, R. & Roelfsema, M. R. G. Acquiring
control: the evolution of stomatal signalling pathways. Trends Plant Sci. 24,
342-351 (2019).

Kim, T.-H., Béhmer, M., Hu, H., Nishimura, N. & Schroeder, . I. Guard cell
signal transduction network: advances in understanding abscisic acid, CO,,
and Ca?* signaling. Annu. Rev. Plant Biol. 61, 561-591 (2010).

Murata, Y., Mori, L. C. & Munemasa, §. Diverse stomatal signaling and

the signal integration mechanism. Annu. Rev. Plant Biol. 66, 369-392
(2015).

Melotto, M., Underwood, W., Koczan, J., Nomura, K. & He, S. Y. Plant
stomata function in innate immunity against bacterial invasion. Cell 126,
969-980 (2006).

Liu, Y. et al. Anion channel SLAHS3 is a regulatory target of chitin receptor-
associated kinase PBL27 in microbial stomatal closure. eLife 8, e44474 (2019).
Zarsky, V. Signal transduction: GABA receptor found in plants. Nat. Plants 1,
15115 (2015).

Owens, D. F. & Kriegstein, A. R. Is there more to GABA than synaptic
inhibition? Nat. Rev. Neurosci. 3, 715 (2002).

Bouche, N. & Fromm, H. GABA in plants: just a metabolite? Trends Plant Sci.
9, 110-115 (2004).

Kinnersley, A. M. & Turano, F. ]. Gamma aminobutyric acid (GABA) and
plant responses to stress. Crit. Rev. Plant Sci. 19, 479-509 (2000).

Ramesh, S. A, Tyerman, S. D, Gilliham, M. & Xu, B. y-Aminobutyric acid
(GABA) signalling in plants. Cell Mol. Life Sci. 74, 1577-1603 (2017).
Bouché, N., Lacombe, B. & Fromm, H. GABA signaling: a conserved and
ubiquitous mechanism. Trends Cell Biol. 13, 607-610 (2003).

Bown, A. W. & Shelp, B. J. Plant GABA: not just a metabolite. Trends Plant
Sci. 21, 811-813 (2016).

Michaeli, S. & Fromm, H. Closing the loop on the GABA shunt in plants: are
GABA metabolism and signaling entwined? Front. Plant Sci. 6, 419 (2015).

. Ramesh, S. A. et al. GABA signalling modulates plant growth by directly

regulating the activity of plant-specific anion transporters. Nat. Commin. 6,
7879 (2015).

20.

21.

22,

23,

24,

25.

26.

28.

29.

30.

31.

32.

34

w
a

37.

38.

39.

40.

41.

42,

43.

44,

46.

47.

48.

Gilliham, M. & Tyerman, S, D. Linking metabolism to membrane signaling:
the GABA-malate connection. Trends Plant Sci. 21, 295-301 (2016).

Meyer, S. et al. AtALMT12 represents an R-type anion channel required

for stomatal movement in Arabidopsis guard cells. Plant J. 63, 1054-1062 (2010).
De Angeli, A, Zhang, ]., Meyer, S. & Martinoia, E. AtALMT9 is a malate-
activated vacuolar chloride channel required for stomatal opening in
Arabidopsis. Nat. Commun. 4, 1804 (2013).

Eisenach, C. et al. ABA-Induced stomatal closure involves ALMT4, a
phosphorylation-dependent vacuolar anion channel of Arabidopsis. Plant Cell
29, 2552-2569 (2017).

Hauser, F., Li, Z., Waadt, R. & Schroeder, J. I. SnapShot: abscisic acid
signaling. Cell 171, 1708-1708 (2017).

Peiter, E. et al. The vacuolar Ca?t-activated channel TPC1 regulates
germination and stomatal movement. Nature 434, 404 (2005).

Meidner, H. Measurements of stomatal aperture and responses to stimuli. in
Stomatal Physiology (ed. Jarvis, P. D. & Mansfield, T. A)) 25-28 (Cambridge
University Press, 1981).

Mori, I. C. et al. CDPKs CPK6 and CPK3 function in ABA regulation of guard
cell S-type anion-and CaZt-permeable channels and stomatal closure, PLoS
Biol. 4, 1749-1762 (2006).

Leakey, A. D. et al. Water use efficiency as a constraint and target for
improving the resilience and productivity of C; and Cy crops. Annu. Rev.
Plant Biol. 70, 781-808 (2019).

Desikan, R. et al. Hydrogen peroxide and nitric oxide signalling in stomatal
guard cells. J. Exp. Bot. 55, 205-212 (2004).

Mckonnen, D. W., Fligge, U.-L & Ludewig, F. Gamma-amincbutyric acid
depletion affects stomata closure and drought tolerance of Arabidopsis
thaliana. Plant Sci. 245, 25-34 (2016).

Espinoza, C. et al. Interaction with diurnal and circadian regulation results in
dynamic metabolic and transcriptional changes during cold acclimation in
Arabidopsis. PLoS ONE 5, e14101 (2010).

Zik, M., Arazi, T., Snedden, W. A. & Fromm, H. Two isoforms of glutamate
decarboxylase in Arabidopsis are regulated by calcium/calmodulin and differ
in organ distribution. Plant Mol. Biol. 37, 967-975 (1998).

Yang, Y., Costa, A., Leonhardt, N, Siegel, R. S. & Schroeder, J. L. Isolation of a
strong Arabidopsis guard cell promoter and its potential as a research tool.
Plant Methods 4, 6 (2008).

Akama, K. & Takaiwa, F. C-terminal extension of rice glutamate decarboxylase
(OsGAD2) functions as an autoinhibitory domain and overexpression of a
truncated mutant results in the accumulation of extremely high levels of GABA
in plant cells. J. Exp. Bot. 58, 2699-2707 (2007).

Lehmann, S. et al. In planta function of compatible solute transporters of the
AtProT family. J. Exp. Bot. 62, 787-796 (2011).

Meyer, A, Eskandari, S. & Grallath, S. Rentsch D. AtGATI, a high affinity
transporter for y-aminobutyric acid in Arabidopsis thaliana. J. Biol. Chem.
281, 7197-7204 (2006).

Ramesh, S. A. et al. Aluminium-activated malate transporters can facilitate
GABA transport. Plant Cell 30, 1147-1164 (2018).

Marti, M. C., Stancombe, M. A. & Webb, A. Cell-and stimulus-type-specific
intracellular-free Ca2t signals in Arabidopsis thaliana. Plant Physiol. 163,
625-634 (2013).

Kowada, T., Maeda, H. & Kikuchi, K. BODIPY-based probes for the
fluorescence imaging of biomolecules in living cells. Chem. Soc. Rev. 44,
4953-4972 (2015).

Long, Y., Tyerman, S. D. & Gilliham, M. Cytosolic GABA inhibits anion
transport by wheat ALMT1. New Phytol. 225, 671-678 (2019).

Meyer, S. et al. Malate transport by the vacuolar AtALMT6 channel in guard
cells is subject to multiple regulation. Plant J. 67, 247-257 (2011).
Kovermann, P. et al. The Arabidopsis vacuolar malate channel is a member of
the ALMT family. Plant J. 52, 1169-1180 (2007).

Negi, J. et al. CO, regulator SLACI and its homologues are essential for anion
homeostasis in plant cells. Nature 452, 483-486 (2008).

Vahisalu, T. et al. SLAC1 is required for plant guard cell S-type anion channel
function in stomatal signalling. Nature 452, 487-491 (2008).

Geiger, D. et al. Activity of guard cell anion channel SLACL is controlled by
drought-stress signaling kinase-phosphatase pair. Proc. Natl Acad. Sci. USA
106, 21425-21430 (2009).

Geiger, D. et al. Guard cell anion channel SLACL is regulated by CDPK
protein kinases with distinct Ca?* affinities. Proc. Natl Acad. Sci. USA 107,
8023-8028 (2010).

Hedrich, R. & Geiger, D. Biology of SLACI-type anion channels-from nutrient
uptake to stomatal closure. New Phytol. 216, 46-61 (2017).

Takahashi, Y. et al. MAP3Kinase-dependent SnRK2-kinase activation is
required for abscisic acid signal transduction and rapid osmotic stress
response. Nat. Commun. 11, 1-12 (2020).

Chen, Z.-H. et al. Systems dynamic modeling of the stomatal guard cell
predicts emergent behaviors in transport, signaling, and volume control. Plant
Physiol. 159, 1235-1251 (2012).

CATIONS | (2021)12:1952 | https://doi.org/10.1038/541467-021-21694-3 | www.nature.com/naturecommunications



Chapter Il GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience

53

doi 0.1038;

13 ARTICLE

49,

50,

51.

52,

53.

54,

55,

56.

57.

60.

61,

62.

63.

64.

65

66.

67.

68.

69.

NAT

Hills, A, Chen, Z.-H., Amtmann, A., Blatt, M, R, & Lew, V., L. OnGuard, a
computational platform for quantitative kinetic modeling of guard cell
physiology. Plant Physiol. 159, 1026-1042 (2012).

Takahashi, F. et al. A small peptide modulates stomatal control via abscisic
acid in long-distance signalling. Nafure 556, 235 (2018)

Kuromori, T., Seo, M. & Shinozaki, K. ABA transport and plant water stress
responses. Trends Plant Sci. 23, 513-522 (2018).

Sharma, T, Dreyer, I, Kochian, L. & Pifieros, M. A. The ALMT family of
organic acid transporters in plants and their involvement in detoxification and
nutrient security. Front. Plant Sci. 7, 1488 (2016).

Zhang, |. et al. Identification of a probable pore-forming domain in the multimeric
vacuolar anion channel AtALMT9, Plant Physiol. 163, 830-843 (2013).

Marvin, J. S. et al. A genetically encoded fluorescent sensor for in vive imaging
of GABA. Nat. Methods 16, 763-770 (2019).

Fromm, H. GABA signaling in plants: targeting the missing pieces of the
puzzle. J. Exp. Bot. 71, 6238-6245 (2020).

Liu, J., Zhou, M., Delhaize, E. & Ryan, P. R. Altered expression of a malate-
permeable anion channel, OsALMT4, disrupts mineral nutrition. Plant
Physiol. 175, 1745-1759 (2017).

Balzergue, C. et al. Low phosphate activates STOP1-ALMT]1 to rapidly inhibit
root cell elongation. Nat. Commun. 8, 15300 (2017).

Jie, Y. et al. An InDel in the promoter of Al-activated malate transporter

9 selected during tomato domestication determines fruit malate contents and
aluminum tolerance. Plant Cell 29, 2249-2268 (2017).

Palanivelu, R., Brass, L., Edlund, A. F. & Preuss, D. Pollen tube growth and
guidance is regulated by POP2, an Arabidopsis gene that controls GABA
levels. Cell 114, 47-59 (2003).

Domingos, P. et al. Molecular and electrophysiological characterization of
anion transport in Arabidopsis thaliana pollen reveals regulatory roles for pH,
Ca’t and GABA. New Phyfol. 223, 1353-1371 (2019).

Svoril, |, Gruissem, W. & Baerenfaller, K. Proteasome targeting of proteins in
Arabidopsis leaf mesophyll, epidermal and vascular tissues. Front. Plant Sci. 6,
376 (2015).

Prusko, K. Identifizierung Cis-Regulatorischer Elemente der
Transkriptionskontrolle in Photosynthetisch Aktiven Blattzellen von
Arabidopsis thaliana, PhD thesis (Heinrich-Heine-Universitit Diisseldorf,
2010).

Conn, 8. J. et al. Protocol: optimising hydroponic growth systems for
nutritional and physiological analysis of Arabidopsis thaliana and other
plants. Plant Methods 9, 4 (2013).

Curtis, M. D. & Grossniklaus, U. A gateway cloning vector set for high-
throughput functional analysis of genes in planta. Plant Physiol. 133, 462-469
(2003).

Moller, I. S. et al. Shoot Nat exclusion and increased salinity tolerance
engincered by cell type-specific alteration of Na™ transport in Arabidopsis.
Plant Cell 21, 2163-2178 (2009).

Shen, L. et al. Measuring stress signaling responses of stomata in isolated
epidermis of graminaceous species. Front. Plant Sci. 6, 533 (2015).

Speirs, ], Binney, A., Collins, M., Edwards, E. & Loveys, B. Expression of ABA
synthesis and metabolism genes under different irrigation strategies and
atmospheric VPDs is associated with stomatal conductance in grapevine ( Vitis
vinifera L. cv Cabernet Sauvignon). J. Exp. Bot. 64, 1907-1916 (2013).
Wilkinson, S. & Davies, W. J. Xylem sap pH increase: a drought signal
received at the apoplastic face of the guard cell that involves the suppression of
saturable abscisic acid uptake by the epidermal symplast. Plant Physiol. 113,
559-573 (1997).

Xu, B. et al. A calmodulin-like protein regulates plasmodesmal closure during
bacterial immune responses. New Phytol. 215, 77-84 (2017).

VIMUNICAT

ONS | (2021012:1952 | https://doi.org/10.1038/541467-021-21694-3 | www .nature.com/naturecommunications.

Acknowledgements

The authors would like to thank Dr Katja Birenfaller from the University of Zurich for
providing JR11-2 (Col-0) seeds; Prof. Zhonghua Chen from Western Sydney University
for assisting with barley epidermal assays; Dr Cornelia Fisenach from the University of
Zurich for providing ALMT9 constructs, almt12 and almnt9 seeds and Prof. Stephen D
Tyerman, Prof. Enrico Martinoia and Dr Alexis De Angeli for valuable discussions. This
work was funded by Waite Research Institute, funding to M.G. and B.X., ARC Discovery
grants DP170104384 and DP21012828 to M.G. and R H. and ARC Centre of Excellence
(CE14010008) and Grains Research and Development Corporation funding
(UWA00173) to M.G. Author X.F. was supported by supported by a Chinese Scholarship
Coundil. X.Z. was supported by a Chinese Scholarship Council Travelling Fellowship.

Author contributions

B.X. constructed all materials and performed all experiments except the following: Y.L.
generated almt9/almel2 mutants and performed experiments on stomatal aperture
assays treated with hydrogen peroxide and calcium and of almti2 and almt9/12 mutants.
X.F. generated almt9 complementation lines, performance aperture and conductance
measurement of complementation plants. X.Z. performed all non-Arabidopsis aperture
measurements, except for barley performed by N.S. Author L.C. performed GABA
measurements supervised by M.O. Author A.B. performed ABA quantification super-
vised by EJ.E. Author J.H. acquired images used in Fig. 1. M.G., BX. and R.H. conceived
the research. BX. drafted all figures. M.G. and B.X. drafted the manuscript. All authors
provided edits.

Competing interests
The authors declare no competing interests,

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21694-3.

Correspondence and requests for materials should be addressed to M.G.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/,

© The Author(s) 2021



Chapter Il GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience 54

GABA signalling modulates stomatal opening to enhance plant water use efficiency

and drought resilience

Bo Xu'?, Yu Long'?, Xueying Feng'?, Xujun Zhu'®, Na Sai'?, Larissa Chirkova®*, Annette
Betts®, Johannes Herrmann®, Everard J Edwards®, Mamoru Okamoto®*, Rainer Hedrich® &

Matthew Gilliham'-**

"Plant Transport and Signalling Lab, ARC Centre of Excellence in Plant Energy Biology, Waite

Research Institute, Glen Osmond, SA 5064, Australia

2School of Agriculture, Food and Wine, Waite Research Precinct, University of Adelaide, Glen

Osmond, SA 5064, Australia

% College of Horticulture, Nanjing Agricultural University, Nanjing 210095, China

* ARC Industrial Transformation Research Hub for Wheat in a Hot and Dry Climate, Waite

Research Institute, University of Adelaide, Glen Osmond, SA 5064, Australia

% CSIRO Agriculture & Food, Locked Bag 2, Glen Osmond, SA, 5064, Australia

®Institute for Molecular Plant Physiology and Biophysics, University of Wiirzburg, Wiirzburg

97070, Germany

SUPPLEMENTARY INFORMATION



Chapter Il GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience

55

2h + Musc b 1h [2ht Musc| 1h |EQETIES

HwEE

+49%

o}

ek

-26%

O Control
& Musc

Stomatal aperture (um)
N By
o o

=
o

< control @ muscimol < control @ muscimol

Stomatal conductance (mol m2 5'1)

“o 10 20 30 40
Time (min) Time (min)

Supplementary Figure 1. Muscimol antagonises stomatal aperture changes
initiated by light and dark treatments a-b, Exogenous muscimol application reduces
stomatal pore movement in response to light or dark. Epidermal strips were pre-
incubated in stomatal pore measurement buffer for 1 h under dark (a) or light (b),
followed by 2 h incubation under constant dark (a), light (b), dark-to-light transition (a)
or light-to-dark transition (b) as indicated above graphs by black (dark) or white (light)
bars, together with the application of 10 yM muscimol (Musc); n = 156 for control
(constant dark), n = 151 for muscimol (constant dark), n = 127 for control (dark-to-light
transition) and n = 151 for muscimol (dark to light transition) (a); n = 134 for control
(constant light), n = 132 for muscimol (constant light), n = 118 for control (light-to-dark
transition) and n = 120 for muscimol (light-to-dark transition) (b). ¢-d, Muscimol feeding
reduces stomatal conductance, transpiration rate of detached leaves. Stomatal
conductance (c), transpiration rate (d) of detached leaves of wildtype Arabidopsis

plants determined by LCpro-SD Portable Photosynthesis System was fed by artificial
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xylem sap solution with or without 10 uM muscimol supplement; n = 7 for control and
n = 8 for muscimol (¢, d). All data are plotted with box and whiskers plots: whiskers
plot represents minimum and maximum values, and box plot represents second
quartile, median and third quartile (a, b) or data are represented mean + s.e.m (c, d);
statistical difference was determined by Two-way ANOVA (a, b), or two-sided

Student’s t-fest (¢, d), *P<0.05 and ****P<0.0001.
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Supplementary Figure 2. GABA feeding increases WUE of detached leaves.
GABA feeding reduces transpiration rate and increases water use efficiency (WUE) of
detached leaves. Transpiration (a) and photosynthetic rate (b) of 5-6 week-old leaves
of 5-6 week-old A. thaliana wildtype plants was recorded using a LiCor LI-6400XT in
response to dark (shaded region) and 200 ymol m=2 s light (white region), fed with
artificial xylem sap solutions + 4 mM GABA. ¢, WUE of detached leaves was calculated
based on the ratio of photosynthetic rate (b) versus franspiration rate (a), n = 16
independent leaves for control and n = 15 for GABA (a-c). All data are plotted with box
and whiskers plots: whiskers plot represents minimum and maximum values, and box
plot represents second quartile, median and third quartile (¢) or data are represented
mean * s.e.m (a, b), statistical difference was determined by two-sided Student’s {-

fest, *P<0.05
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Supplementary Figure 3. GABA and muscimol inhibit stomatal aperture
changes triggered by signaling molecules. a-g, Exogenous GABA or muscimol
application reduces stomatal closure in response to 2.5 uM ABA (a, c), 50 uM H20,'
(e) and stomatal opening to 0.5 ug ml' coronatine? (f), but not to 25 uM ABA (b, d)

and 2 mM CaCl.' (g). Epidermal strips were pre-incubated in stomatal pore

measurement buffer for 1 h under light, followed by 2 h treatment under light with or



Chapter Il GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience

59

without combination of ABA + 2 mM GABA (a, b) / 10 uM muscimol (c, d), H202 £ 2
mM GABA/10 pM muscimol (Musc) (e), coronatine (Cor) + 10 uM muscimol (f), and
CaClz (Ca?*) £ 2 mM GABA/10 uM muscimol (g) as indicated; n = 183 for control, n =
191 for GABA, n = 171 for ABA and n = 201 for ABA+GABA (a); n = 249 for control,
n = 249 for GABA, n = 243 for ABA and n = 261 for ABA+GABA (b); n = 133 for
control, n = 137 for muscimol, n = 142 for ABA and n = 131 for ABA+muscimol (c); n
=180 for control, n = 222 for muscimol, n = 176 for ABA and n = 179 for
ABA+muscimol (d); n = 44 for H202, n = 47 for H202+GABA and n = 54 for
H202+Musc (e); n = 103 for control, n = 103 for Cor, n = 101 for Cor+muscimol and n
= 91 for muscimol (f); ); n = 52 for Ca?*, n = 52 for Ca?*+GABA and n = 54 for
Ca?*+Musc (g). All data are plotted with box and whiskers plots: whiskers plot
represents minimum and maximum values, and box plot represents second quartile,
median and third quartile; statistical difference as determined by One-Way ANOVA
(a-g), **** P<0.0001, a, b and c represent groups without significant difference, P<

0.05 (a-d, ).
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Supplementary Figure 4. Guard cells are viable after treatment with GABA and
muscimol. a-d, Guard cells were competent in movement after removal of GABA or
muscimol treatments, as closed pores opened when exposed to light (a-b) or open
pores closed when exposed to dark (c-d) following removal of GABA or muscimol.
Epidermal strips were incubated under dark (a-b) or light (c-d) for 1 h, followed by 2
h treatment of 2 MM GABA (a, ¢) or 10 pM muscimol (b, d), then epidermal strips
were transferred into fresh stomatal measurement buffer with 2 h light or dark
treatment before measurement; n = 272 for light and n = 247 for dark (a); n = 251 for
light and n = 251 for dark (b); n = 275 for light and n = 248 for dark (c); n = 217 for

light and n = 261 for dark (d). All data are plotted with box and whiskers plots:



Chapter Il GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience 61

whiskers plot represents minimum and maximum values, and box plot represents
second quartile, median and third quartile; statistical difference as determined by

two-sided Student’s t-test (a-d), **** P<0.0001.
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Supplementary Figure 5. GABA and muscimol inhibit stomatal aperture changes
in response to light and dark in Vicia faba (broad bean), Nicotiana benthamiana
(tobacco), Glycine max (soybean) and Hordeum vulgare (barley). Epidermal strips
were pre-incubated in stomatal measurement buffer for 1 h under dark (a, ¢, e) or light
(b, d, f), followed by 2 h incubation under constant dark (a, c, e), light (b, d, f) as
illustrated by black (dark) or white (light) bars, + 2 mM GABA or 10 yM muscimol (Musc)
as indicated; barley leaf samples were first detached and bathed in a modified
measurement buffer under 2h dark (g) or light (100 umol m2 s-1) (h), then pre-treated
in the fresh buffer +1 mM GABA for 0.5 h as indicated by black or white bars; after this
pre-treatment (break by red line), leaf samples were incubated in continuous dark (g),
light (h), dark-to-light (g) or light-to-dark (h) transition for additional 1 h before the
epidermal strips were peeled for imaging. n = 88 for control (constant dark), n = 85 for
GABA (constant dark), n = 82 for muscimol (constant dark), n = 78 for control (dark-
to-light transition), n = 106 for GABA (dark-to-light transition) and n = 76 for muscimol
(dark-to-light transition) (a); n = 73 for control (constant light), n = 65 for GABA
(constant light), n = 76 for muscimol (constant light), n = 89 for control (light-to-dark
transition), n = 85 for GABA (light-to-dark transition) and n = 84 for muscimol (light-to-
dark transition) (b); n = 50 for control (constant dark), n = 52 for GABA (constant dark),
n = 50 for muscimol (constant dark), n = 63 for control (dark-to-light transition), n = 65
for GABA (dark-to-light transition) and n = 64 for muscimol (dark to light transition) (c);
n = 73 for control (constant light), n = 60 for GABA (constant light), n = 78 for muscimol
(constant light), n = 78 for control (light-to-dark transition), n = 67 for GABA (light-to-
dark transition) and n = 65 for muscimol (light-to-dark transition) (d); n = 61 for control
(constant dark), n = 60 for GABA (constant dark), n = 63 for control (dark-to-light
transition) and n = 62 for GABA (dark-to-light transition) (e); n = 59 for control (constant

light), n = 59 for GABA (constant light), n = 60 for control (light-to- dark transition) and
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n = 60 (dark-to-light transition) (f); n = 177 for control (constant dark), n = 220 for GABA

(constant dark), n = 201 for control (dark-to-light transition) and n = 203 for GABA

(dark-to-light transition) (g); n = 350 for control (constant light), n = 301 for GABA
(constant light), n = 289 for control (light-to-dark transition) and n = 228 for GABA
(light-to dark-transition) (h). All data are plotted with box and whiskers plots: whiskers
plot represents minimum and maximum values, and box plot represents second

quartile, median and third quartile; statistical difference was determined by Two-way

ANOVA, ****P< 0.0001; scale bars = 5 um (a-h).
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Supplementary Figure 6. GABA accumulates in leaves of Arabidopsis upon

drought, and gad2 knockout plants have greater stomatal apertures but show

wildtype (WT)-like responses to exogenous GABA and root GABA accumulation.

a, Relative water content in wildtype Arabidopsis leaves under well-water (black) or

drought (red) treatments as

indicated. b, Water content in the potted soil

corresponding to the plants sampled in (a). ¢, Leaf GABA concentration of wildtype

Arabidopsis following well-watered control treatment (black) or drought (red). 2-3

leaves per plant were sampled for relative water content measurement, as shown in
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(a); the whole rosette from the sampled plant in (a) was harvested and snap frozen in
liquid nitrogen for later GABA measurement, as shown in (¢); and the pot soil of
corresponding plants harvested in (a, b) was sampled to determine gravimetric soil
water content, as shown in (b); n = 6 (a-c). d, A diagram of GAD2 T-DNA insertional
mutant alleles in the Arabidopsis genome. e, Reverse transcriptional PCR semi-
quantification of GADZ2 transcripts in Arabidopsis WT and gad?2 knockout plants, Actin2
used as an internal control, similar results were obtained from three independent
biological replicates. f, Root GABA concentration of WT, gad2-1 and gad2-2 plants.
Roots were harvested from 5-6 week-old plants grown hydroponically in basal nutrient
solution (2 mM NH4NO3, 3 mM KNQ3, 0.1 mM CaClz, 2 mM KCI, 2 mM Ca(NOz)z, 2
mM MgS0O., 0.6 mM KH2POq4, 1.5 mM NaCl, 50 uM NaFe(II)EDTA, 50 uM H3BOs3, 5
UM MnClz, 10 uM ZnS0O4, 0.5 uM CuSO4, 0.1 pM Na;MoO3, pH = 5.6 by KOH)3, n =6
plants. g-J, Stomatal aperture and density on the leaf abaxial side of Arabidopsis WT
and gad2 knockouts; epidermal strips were peeled and incubated in stomatal
measurement buffer for 1 h under light before measurement n = 254 for WT, n = 215
for gad2-1 and n = 226 for gad2-2 (g); n = 27 sampling areas (0.57 x 0.42 mm)
consisting of three areas per leaf, three leaves per plant and three plants per line
sampled (h). i-j, Epidermal strips were pre-incubated in stomatal measurement buffer
for 1 h under light (i) or 2 h dark (j), followed by 2 h incubation dark (i) or light (j) as
indicated by black (dark) or white (light) bars = blind treatment of 2 mM GABA or
control; n = 135, 166 and 157 for WT, gad2-1 and gad2-2 with control treatment, n =
146, 162 and 174 for WT, gad2-1 and gad2-2 with GABA treatment (i); n = 139, 155
and 160 for WT, gad2-1 and gad2-2 with control treatment, n = 136, 155 and 153 for
WT, gad2-1 and gad2-2 with GABA treatment (j). All data are plotted with box and
whiskers plots: whiskers plot represents minimum and maximum values, and box plot

represents second quartile, median and third quartile (c, f-j); or data are represented
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by mean £ s.e.m. (a, b); statistical difference was determined by two-sided Student’s
t-test (c), One-way ANOVA (f-h) or Two-way ANOVA (a, b, i, j), *P< 0.05, **P< 0.01

and ****P< 0.0001.
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Supplementary Figure 7. gad2 knockouts have similar transcriptional profiles to
wildtype plants of other GADs, GABA-T, ALMT9, ALMT12 or ABA responsive
genes under drought stress. Quantitative real time PCR of GAD1, GAD2, GADS3,
GAD4, GADS, GABA-T, ALMT9, ALMT12 and ABA marker genes —~RD29A and RD22*
in the leaves of Arabidopsis wildtype (WT), gad2-1 and gadZ2-2 plants following drought
treatment for 0, 1, 3 and 7 days as indicated, expression levels were normalized
against three control genes —Actin2, EF1a and GAPDH-A; data are represented by
means * s.e.m; n = 3, statistical difference as determined via the comparison of genes
from drought-treated plants (1, 3 and 7 days) with non-droughted (0 day) plants within
the same genotype by two-sided Student’s t-fest, *P< 0.05**P< 0.01, ***P< 0.001 and

*EP< 0.0001.
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Supplementary Figure 8. GAD2 is highly expressed in leaves and guard cells,
and guard-cell cell complementation of GAD2A restores stomatal aperture and
WUE without modifying stomatal density. a-b, Representative GUS histochemical
staining of pGAD2::GUS whole rosette; image of 3-4 week-old pGAD2::GUS plants
after staining in histochemical staining buffer, GUS staining of the guard cells was
observed in all plants examined that were expressing pGAD2::GUS, scale bar =5 mm
(a) and epidermal peels from 3-4 week-old pGADZ2::GUS leaves (a), scale bar = 50
pym (b). ¢, Reverse-transcriptional PCR quantification of GADZ2 transcripts in
Arabidopsis wildtype (WT), gad2-1, gad2-1/GC1.:GAD2A #1 and #10 plants, similar
results were obtained from three independent biological replicates. d-e, Stomatal

aperture (d) and density (e) on the leaf abaxial side of Arabidopsis WT, gad2-1, gad2-
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1/GC1::GAD2A #1 and #10 plants; epidermal strips were peeled and incubated in
stomatal measurement buffer for 1 h under light before measurement, n = 223 for WT,
n = 212 for gad2-1, n = 197 for gad2-1/GC1::GAD2A #1 and n = 224 for gad2-
1/GC1::GAD2A #10 (d); n = 12 leaf areas (0.57 x 0.42 mm); two areas per leaf, two
leaves per plant and three plants per line were sampled (e). f, ABA accumulation in
rosette leaves of 5-6 week-old Arabidopsis WT, gad2-1, gad2-1/GC1::GAD2A #1 and
#10 plants, n = 6. g-h, Transpiration (g), photosynthetic rate (h) of 5-6 week-old
Arabidopsis WT, gad2-1 and gad2-1/GC1::GAD2A #10 plants in response to dark
(shaded region) and 150 pmol m? s light (white region), measured using a LiCor LI-
6400XT, n = 8 for WT, n = 9 for gad2-1 and n = 8 for gad2-1/GC1::GAD2A #10 (g-h).
i, WUE of of 5-6 week-old Arabidopsis WT, gad2-1 and gad2-1/GC1::GAD2A #10
plants was calculated based on the photosynthetic rate (h) against transpiration rate
(g9)- All data are plotted with box and whiskers plots: whiskers plot represents minimum
and maximum values, and box plot represents second quartile, median and third
quartile (d-f, i) or data are represented mean + s.e.m (g, h); statistical difference was

determined by One-way ANOVA (d-f, i), *P <0.05 and ****P <0.0001.
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Supplementary Figure 9. Recovery of re-watered Arabidopsis WT, GC71::GAD2A
#2 and #5 from drought treatment. a-c, Re-water recovery of wildtype, GC1::GAD2A
#2 and #5 plants from drought in three different batches of experiments, plants were
re-watered at 2 days after all plant wilting by drought. A higher recovery rate of
GC1::GADZ2A #2 and #5 plants than WT was observed from re-watering in all three
experiments (a-c); 4 out of 18 (22%) wildtype, 5 out of 12 (41.7%) GC1::GAD2A #2
and 11 out of 14 (78.6%) GC1::GAD2A #5 plants were recovered from re-water in the
first trail (@); 21 out of 27 (77.8%) wildtype, 24 out of 27 (88.9%) GC1::GAD2A #2 and
16 out of 18 (88.9%) GC1.:GAD2A #5 plants were recovered from re-water in the
second trail (b); 3 out of 27 (11.1%) wildtype, 4 out of 21 (19.0%) GC1::GAD2A #2
and 7 out of 20 (35%) GC1::GAD2A #5 plants were recovered from re-water in the

third trail (c).
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Supplementary Figure 10. Spongy mesophyll-cell specific expression of GAD24
in gad2-1 fails to restore stomatal conductance back to wildtype (WT) levels. a,
Representative images of leaf transverse cross-sections (30 ym thickness) of 3-4
week-old segregated mesophyll-specific enhancer-trap line JR11-2% backcrossed into
Arabidopsis Col-0 background®, JR11-2 in gad2-1 background (JR11-2/gad2-1) and
JR11-2/gad2-1 expressing UAS::GAD2A (JR11-2/gad2-1/UAS::GAD24), similar
images were obtained from all examined lines, scale bars = 100 ym. GFP fluorescence
shown in green indicates cells in which GADZ expression will be activated by the yeast
transcription factor GAL4, blue indicates chlorophyll autofluorescence. b, Reverse-
transcriptional PCR quantification of native GAD2 mRNA (GADZmRNA), GAD2A
driven by UAS element (UAS::GAD2A), GFP and Actin2 transcripts in Arabidopsis WT
(Col-0), JR11-2 (Col-0), JR11-2/gad2-1 and JR11-2/gad2-1/UAS::GAD2A plants,
Actin2 used as an internal control; similar results were obtained from three
independent biological replicates. ¢-d, Leaf GABA concentration (¢) and stomatal
conductance (d) of 5-6 week-old Arabidopsis WT (Col-0), JR11-2 (Col-0), JR11-
2/gad2-1 and JR11-2/gad2-1/UAS::GAD2A plants, stomatal conductance was

measured by AP4 Leaf Porometer (d); n = 12 (c¢); n = 25 for WT and JR11-2, n = 21
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for JR11-2/gad2-1 and n = 24 for JR11-2/gad2-1/UAS::GAD2A, data collected from
two different batches of plants (d). All data are plotted with box and whiskers plots:
whiskers plot represents minimum and maximum values, and box plot represents
second quartile, median and third quartile (c, d); statistically differences were
determined by One-way ANOVA by comparing with JR11-2 (¢, d), *P< 0.05 and ****P<
0.0001.



Chapter Il GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience

77

M 1GC1:GAD2-GFP b
2

\"Gpp E;"(’PS)rl

cﬂ.\lc'o 61.«1'56

« 661"\979 L

WOT o ae #s #a #5
GAD2 ‘- —— — — — =1000 bp
ACting e i — — - — — —

1.5 da

(o]
)
=)
>

z
- = Cod K Cod 5 e,\ Clod
2 I ] M|5d E @ms5d ® 90{@s5d i
E = . 2 X
2 g ns
2o . B 5 04 5 T
c y o 3 —_—
5 5 e L i
[ R T | i B
305 e § 02 é-" sk v — é &
5 5 k]
3 =8 "9 3 ?
@
& = 0 g 70
300 o e ® 0.0 .
WT gad2-1 _ #2  #4 wT gad2-1 #2 #4 wT gad2-1  _#2 #4
gad2-1/GC1-GAD2 9802-1/GC1-GAD2 gad2-1/GCT-GAD2

-

g =
& w
- o
) T
£ E §
ERE g J -
= @ g = & b
£ 5 ® ol
%10 £ T . H
g 0.5 . [] 8 Z d
2o, T 3 1
g
o e % g
oo : 8oo
WT gad2-1 #2 _#4  #3  #4 #5 WT gad2-1 #2__#4 #3 #4 _#5
GC1:GAD2 _ 358:GAD2 GCi:GAD2  355:GAD2
gad2-1 gad2-1

Supplementary Figure 11. Guard-cell specific expression of full-length GAD2
only reduces the stomatal conductance of gad2 knockout plants under drought.
a, Representative confocal image of gad2-1 leaves expressing full-length GAD2
tagged with GFP driven by GC1 promoter (GC1::GAD2-GFP), similar images were
obtained from all gad2-1/ GC1::GAD2-GFP plants examined, scale bar = 50 ym. b,
Reverse-transcriptional PCR quantification of GADZ2 transcripts in wildtype (WT),
gad2-1 and gad2-1 complementation with full-length GADZ2 driven by guard-cell
promoter GC1 (gad2-1/GC1::GADZ2 #2 and #4) or by a pro35S-CAMV constitutive
promoter (gad2-1/35S::GAD2 #3, #4 and #5), Actin2 used as an internal control;
similar results were obtained from three independent biological replicates. c-e, Leaf
GABA concentration, stomatal conductance and relative water content of Arabidopsis
WT, gad2-1, gad2-1/GC1::GAD2 #2 and #4 plants; n = 6 plants for GABA

measurement before (0 d) and after drought treatment for 5 days (5 d) as indicated
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(c); the stomatal conductance of 5-6 week-old plants was determined by AP4 Leaf
Porometer at 0 d and 5 d after drought treatment, n =9 for WT and n = 10 for gad2-1,
gad2-1/GC1::GAD2 #2 and #4 (d); relative leaf water content of corresponding leaf
samples at 0 d and 5 d after drought treatment, as shown in (e). f-g, Leaf GABA
concentration and stomatal conductance of WT, gad2-1, gad2-1/GC1.::GAD2 #2, #4,
gad2-1/35S::GAD2 #3, #4 and #5 plants; n = 6 plants (f); the stomatal conductance of
WT, gad2-1, and gad2-1 complementation lines; stomatal conductance of 5-6 week-
old plants was determined by AP4 Leaf Porometer in normal conditions, n = 15 plants
for WT, n = 14 for gad2-1, n = 13 for gad2-1/GC1::GAD2 #2, n = 12 for gad2-
1/GC1::GAD2 #4, n = 9 for gad2-1/355::GAD2 #3, n = 11 for gad2-1/355::GAD2 #4
and n = 7 for gad2-1/35S::GAD2 #5 (g). All data are plotted with box and whiskers
plots: whiskers plot represents minimum and maximum values, and box plot
represents second quartile, median and third quartile (c-g); statistically differences
were determined by One-way ANOVA by comparing with WT (f, g), or within
genotypes or treatment by Two-way ANOVA (c-e), *P< 0.05, **P< 0.01, ***P < 0.001

and ***P< 0.0001.
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Supplementary Figure 12. Membrane impermeable muscimol does not
antagonises stomatal movement initiated by light and dark treatments a-b,
Exogenous muscimol-BODIPY application does not affect stomatal movement.
Epidermal strips were pre-incubated in stomatal measurement buffer for 1 h under
light (a) or dark (b), followed by 2 h incubation under light-to-dark transition (a) or dark-
to-light transition (b) as indicated above graphs by black (dark) or white (light) bars,
together with the application of 10 uM muscimol (Musc) or muscimol-BODIPY (Musc-
BODIPY); n = 161 for control, n = 185 for muscimol and n = 188 for muscimol-BODIPY
(c); n =168 for control, n = 190 for muscimol and n = 175 for muscimol-BODIPY. All
data are plotted with box and whiskers plots: whiskers plot represents minimum and
maximum values, and box plot represents second quartile, median and third quartile

(a-b); statistical difference was determined by One-way ANOVA, *P<0.05 and
***P<(.0001.
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Supplementary Figure 13. Stomatal aperture measurement of WT, aimt712-1 and
almt12-2 knockout plants in response to dark or light. Epidermal strips were pre-
incubated in stomatal measurement buffer for 1 h in the light (a) or dark (b), followed
by 2 h incubation in the dark (a) or light (b) as indicated by black (dark) or white
(light) bars above the plots + 2 mM GABA or 10 yM muscimol (Musc); n = 105 for
WT (control), n = 115 for almt12-1 (control), n = 122 for almt12-2 (control), n = 122
for WT (GABA), n = 100 for almt12-1 (GABA), n = 131 for almi12-2 (GABA), n = 122
for WT (Musc), n = 107 for almt12-1 (Musc) and n = 118 for alimt12-2 (Musc) (a); n =
116 for WT (control), n = 119 for almt12-1 (control), n = 120 for almt12-2 (control), n
=113 for WT (GABA), n = 123 for almt12-1 (GABA), n = 124 for almt12-2 (GABA), n
=117 for WT (Musc), n = 122 for almt12-1 (Musc) and n = 116 for almt12-2 (Musc)
(b). All data are plotted with box and whiskers plots: whiskers plot represents
minimum and maximum values, and box plot represents second quartile, median
and third quartile; statistical difference was determined using Two-way ANOVA,
***P < 0.0001; all experiments were repeated at least twice from different batches of

plants with blind treatments.
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Supplementary Figure 14. The loss of ALMT9 rescues the larger stomatal
aperture and ABA response of gad2 knockout plants. a, Reverse-transcriptional
PCR quantification of GAD2, ALMT9 and Actin2 transcripts in Arabidopsis wildtype
(WT), gad2-1, gad2-1/GC1:GAD2A #10, gad2-1/almt9-1, gad2-1/almt9-
1/GC1::GAD2A and almt9-1 plants, Actin2 used as an internal control; similar results
were obtained from three independent biological replicates. b-d, Leaf GABA
accumulation, stomatal conductance and aperture of WT, gad2-1, gad2-
1/GC1::GAD2A #10, gad2-1/almt9-1, gad2-1/almt9-1/GC1.:GAD2A and almt9-1
plants. The whole rosette leaves of 5-6 week-old plants were harvested for GABA
measurement (b) and used for stomatal conductance measurement, as determined
by AP4 porometer; n = 6 plants (b); n = 42 for WT, n = 40 for gad2-1, n = 31 for gad2-
1/GC1::GAD2A #10, n = 45 for gad2-1/aimt9-1, n = 40 for gad2-1/almt9-
1/GC1::GAD2A and n = 35 for almt9-1, data collected from four independent batches
of plants (c). Epidermal strips were peeled and incubated in stomatal measurement
buffer for 2 h under light before measurement; n = 86 for WT, gad2-1, gad2-
1/GC1::GAD2A #10 and almt9-1, n = 95 for gad2-1/almt9-1 and n = 87 for gad2-
1/almt9-1/GC1::GAD2A (d). e, Reverse-transcriptional PCR quantification of GAD2,
ALMT9 and Actin2 transcripts in WT, gad2-1, gad2-1/almt9-2 and almt9-2 plants,
Actin2 used as an internal control; similar results were obtained from three
independent biological replicates. f, Stomatal aperture of WT (n = 115), gad2-1 (n =
100), gad2-1/almt9-2 (n = 106) and a/mi9-2 (n = 104) plants; epidermal strips were
incubated under light for 2 h before measurement. g-j, Stomatal response to ABA of
Arabidopsis wildtype (WT), gad2-1, gad2-1/almt9-1, almt9-1, gad2-1/almt9-2 and
almt9-2 plants. Epidermal strips were pre-incubated in stomatal measurement buffer
for 1 h under light, followed by 2 h treatment under light with or without 2.5 uM or 25

puM ABA as indicated; n = 189 (control) and n = 145 (ABA) for WT, n = 208 (control)
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and n = 192 (ABA) for gad2-1, n = 200 (control) and n = 183 (ABA) for gad2-1/almt9-
1, n = 182 (control) and n = 181 (ABA) for almt9-1 (g); n = 184 (control) and n = 186
(GABA) for WT, n = 188 (control) and n = 207 (ABA) for gad2-1, n = 222 (control) and
n =224 (ABA) for gad2-1/almt9-2, n = 197 (control) and n = 182 (ABA) for almi9-2 (h);
n = 172 (control) and n = 196 (ABA) for WT, n = 190 (control) and n = 182 (ABA) for
gad2-1, n = 162 (control) and n = 183 (ABA) for gad2-1/almt9-1, n = 192 (control) and
n = 181 (ABA) for aimt9-1 (i); n = 215 (control) and n =178 (ABA) for WT, n = 197
(control) and n = 174 (ABA) for gad2-1, n = 189 (control) and n = 174 (ABA) for gad2-
1/almt9-2, n = 195 (control) and n =180 (ABA) for almf9-2 (j). All data are plotted with
box and whiskers plots: whiskers plot represents minimum and maximum values, and
box plot represents second quartile, median and third quartile (b-d, f, g-i); statistically
differences were determined by One-way ANOVA, *P < 0.05, ***P < 0.001 and ****P<
0.0001 (b-d, f), or by Two-way ANOVA, a, b, ¢ and d represent data groups that are

not statistically different, P < 0.05 (g-i).
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Supplementary Figure 15. almt9 knockouts abolish muscimol-inhibition of
stomatal opening but not affect closure. a-d, Stomatal aperture of wildtype (WT)
and almt9 knockout plants in response to dark or light. Epidermal strips were pre-
incubated in stomatal measurement buffer for 1 h under dark (a-b) or light (c-d),
followed by light (a-b) or dark (c-d) for 2 h as indicated by black (dark) or white (light)
bars above graphs, £+ 10 yM muscimol (Musc); n = 105 for WT and n = 106 for almt9-
1 with control treatment, n = 106 for WT and n = 111 for aimt9-1 with muscimol
treatment (a); n = 88 for wildtype (WT) (control); n = 108 for WT (control), n = 116 for
almt9-2 (control), n = 119 for WT (muscimol) and n = 121 for almt9-2 (muscimol) (b);
n =210 for WT and n = 233 for almt9-1 with control treatment, n = 240 for WT and n
= 245 for almt9-1 with muscimol treatment (c); n = 88 for WT (control), n = 96 for almit9-

2 (control), n = 90 for WT (muscimol) and n = 100 for almt9-2 (muscimol) (d); all
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experiments were repeated at least twice from different batches of plants with blind
treatments (a-d). All data are plotted with box and whiskers plots: whiskers plot
represents minimum and maximum values, and box plot represents second quartile,
median and third quartile (a-d); statistically differences were determined by Two-way

ANOVA (a-d), *P < 0.05 and ****P< 0.0001,
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Supplementary Figure 16. ALMT9 and ALMT9F243c/Y245C ghow similar expression
in aimt9-2 complementation lines and both are present on the tonoplast
membrane. a-b, Reverse-transcriptional PCR (a) and quantitative real-time PCR (b)
of ALMT9 and Actin2 transcripts in WT-like 2, almt9-2, almt9-2/ALMT9 and almt9-
2/F243CIY245C plants. Similar results were obtained from three independent
biological replicates (a); n = 3 plants and data represented by mean * s.e.m, statistical
difference was determined by two-sided Student’s t-test, a, b and c represent data
groups that are not statistically different, P <0.05 (b). c-d, Subcellular localisation of
ALMT9 and ALMTOF243C/¥245C in  Arabidopsis (c) and N. benthamiana (d).
Representative confocal image of ALMT9 and ALMTQF243C/Y245C tagged with GFP in
the mesophyll protoplasts of almt9-ZZALMT9 and almt9-2/F243C/Y245
complementation lines, repeated on 3 occasions with consistent results (c), or
transiently expressed in N. benthamiana by Agrobacterium infiltration, repeated on 3
occasions with consistent results (d); the mesophyll protoplasts of wildtype (WT)
Arabidopsis leaves were imaged as control (¢), using the exact same setting to capture
the fluorescence of GFP-tagged ALMT9 and ALMTQF243C/Y245C  The mesophyill
protoplasts were prepared and lysis as described”- 8, GFP fluorescence (green) and
chlorophyll autofluorescence (purple) captured by Nikon A1R Laser Scanning

Confocal (c, d).
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Supplementary Figure 17. ALMT9 complementation but not by ALMTgF234C/245C,
a-i, Transpiration, photosynthetic rate and WUE of detached leaves from Arabidopsis
almt9-2 (a-c), almt9-2/ALMT9 #2 (d-f) and almt9-2/F243C/Y245C #1 (g-i) fed with
artificial xylem sap solution £ 4 mM GABA using a LiCor LI-6400XT. The WUE of
almt9-2 (c), almt9-2/ALMTI #2 (f) and almt9-2/F243C/Y245C #1 (i) was calculated the

ratio of photosynthetic rate (b, e, h) versus transpiration rate (a, d, g); n = 14 (control)
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and n = 13 (GABA) for aimt9-2 (a-c); n = 15 (control and GABA) for almt9-2/ALMT9
#2 (d-f); n = 13 (control) and n = 12 (GABA) for almt9-2/F243C/Y245C #1 (g-i). |,
Stomatal aperture of WT, almt9-2 and complementation lines. Epidermal strips were
peeled and incubated in stomatal measurement buffer for 2 h under light before
measurement; n = 164 for WT, n = 185 for almf9-2, n = 190 for almt9-2/ALMT9 #1, n
= 169 for almt9-2/ALMT9 #2, n = 198 for almt9-2/F243C/Y245C #1 and n = 186 for
almt9-2/F243C/Y245C #2 (j). All data are plotted with box and whiskers plots: whiskers
plot represents minimum and maximum values, and box plot represents second
quartile, median and third quartile (c, f, i, j); or data are represented by means + s.e.m
(a, b, d, e, g, h); statistically differences were determined by two-sided Student’s t-test
(a-i), *P < 0.05; or by One-way ANOVA, a and b represent data groups that are not

statistically different, P < 0.05 (j).
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Supplementary Figure 18. The loss of ALMT9 and ALMT12 impairs both stomatal
opening and closure sensitivity to GABA. Epidermal strips were pre-incubated in
stomatal measurement buffer for 1 h in the dark (a) or light (b), followed by 2 h
incubation in the light (a) or dark (b) as indicated by black (dark) or white (light) bars
above the plots £ 2 mM GABA or 10 uM muscimol (Musc); n = 78 for WT (control), n
= 82 for almt9-2/12-1 (control), n = 83 for aimt9-2/12-2 (control), n = 77 for WT (GABA),
n =77 for aimt9-2/12-1 (GABA), n = 81 for almt9-2/12-2 (GABA), n =75 for WT (Musc),
n = 81 for aimt9-2/12-1 (Musc) and n = 81 for almt9-2/12-2 (Musc) (a); n = 114 for WT
(control), n = 104 for almt9-2/12-1 (control), n = 120 for almt9-2/12-2 (control), n = 113
for WT (GABA), n = 114 for aimt9-2/12-1 (GABA), n = 123 for almt9-2/12-2 (GABA), n
= 107 for WT (Musc), n = 106 for almt9-2/12-1 (Musc) and n = 127 for almt9-2/12-2
(Musc) (b). All data are plotted with box and whiskers plots: whiskers plot represents
minimum and maximum values, and box plot represents second quartile, median and
third quartile; statistical difference was determined using Two-way ANOVA, ****P <
0.0001; all experiments were repeated at least twice from different batches of plants

with blind treatments.
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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-ALMT?9 interaction through mutation of the
putative GABA-binding site in ALMT9 lead to a similar stomatal phenotype as
gad2?

What is the scenario for the GABA-ALMT12 interaction, does this alter stomatal
closure?

GABA deficiency appears positively correlated with more open stomata; however,
this has been examined so far in only single (gad2) and double (gad1/gad?2)
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?

. 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 | will conduct experiments to further examine the role of the ALMTO9-

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 Ill 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 Il.

Results

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

35S:- AL MT9F243CY245C

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 Il (nptll) 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-nptll, 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).

BP1 BP2
tfm!g- 7 a/mr.s?-é’_)

SALK_055430 ‘WiscDsLox495H03

ALMTEG

WT  WT-1 almt9-1 WT  WT-2 almt3-2

: W 1,200 bp
P1+P3 ‘ - - 1,000bp  pp4py
mmm— 700 bp

- 700 bp

- 600 bp
- 600 bp

_eo0bp  PA+BP2 % 500bp

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 Al M T9F243CY245C

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 gPCR, where expression level of ALMT9 and
ALMTQF243CY245C in complemented lines were significantly higher than that of aimt9-2 (Fig.
2B). The result of both analyses indicated ALMT9 and ALMTQ"243CY245C had been

successfully restored into transgenic lines.

For physiological experiments, initially, stomatal conductance of almt9-2/35S::ALMT9 and
almt9-2/35S::ALMTQF243CY245C \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 %4 or V2 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 | ALMT97243¢Y245Cn the almt9-2 background.

A. Semi-gPpCR of ALMT9 expression in WT, almt9-2/356S::ALMT9 and almt9-
2/35S::ALMTQF243€Y245C 25 cycles were used for each cDNA sample. Actin2 (AT3G18780) was
used as an internal control. B. gPCR analysis of ALMT9 expression in WT, almt9-2/35S::ALMT9
and almt9-2/35S::ALMT9F243CY245C ysing 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, n?= 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 AL MT9F243CY245C_

A. Stomatal conductance of almt9-2/35S::ALMT9 and almt9-2/35S::ALMT9"243¢Y245C measured 2.5
hr after the light is on, n=12 for WT-2, n=12 for alImt9-2, n=14 for almt9-2/35S::ALMT9 #1, n=12
for almt9-2/35S::ALMT9 #2, n=12 for almt9-2/35S::ALMT943CY245C #1  n=13 for almt9-
2/35S::ALMT9F243CY245C 49 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 Il (Xu et al. 2021).

Stomatal aperture of alImt9-2/35S::ALMT9 and almt9-

2/35S::ALMTQF243€Y245C 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 wiith 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 gshowed
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 alImt9-2 and complementation lines expressing ALMT9 and

AL MT9F243CY245C_

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::ALMTOF243CY245C #1  n = 221 for almt9-
2/35S::ALMTOF243CY245C #9- |n 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::ALMTOF243CY245C #1 0 = 109 for almt9-2/35S::ALMTQF243CY245C #5  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 Il (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 a/lmt9-2 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 aImt9-2.

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 aimt9-2_2 mM GABA; For 1.5 hr light
exposure, n =79 for WT_Control, n = 101 for WT_2 mM GABA, n = 82 for aimt9-2_Control, n =90
for aimt9-2_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 alImt9-2_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 aimt9-2_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 Il, 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 \wag 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 Il, Supplementary Figure 17j). The role of GABA in regulating
stomatal opening via a GABA-ALMTY interaction thereby is corroborated in this chapter.

Drought experiment on WT, almt9-2, 35S::ALMT9 and 35S:: ALMT9F43CY25C 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 To 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 Il 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 pg/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 ug/mL
spectinomycin.  Positive  constructions of pAR27-35S::ALMT9-GFP, pAR27-
35S::ALMTOQF243CY245C_GFP, pMDC32-proGC1::ALMT12 and pMDC32-
proGC1::ALMT12L205CY207C were checked by Sanger sequencing after transformation into

Agrobacterium strain AGL1 (Hofgen 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 (To) 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 ug/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 2 MS
medium containing 50 pg/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 ymol -m-2-s-,10-hr light/ 14-hr dark, 22 °C, 60-70 % relative air humidity).

Quantitative PCR

For gPCR, 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 Ill Reverse
Transcriptase (Invitrogen) from 1ug mRNA. Real time qPCR was performed with KAPA
SYBR® FAST gPCR 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-gPCR was conducted with PCR reaction on cDNA from plants as indicated. The PCR
system used in this study is KAPA2G Fast HotStart ReadyMix. 50 x dilution of cDNA was
made from 1 uyg 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 KCI-MES buffer
(10 mM MES, 10 mM KCI, 5 mM Malate, pH 6.0 by Tris base) (Xu et al. 2021), with or
without 2 mM GABA, under light (200 umol photons m s™) or in the dark. Stomatal status
was captured under Zeiss Axiophot Fluorescence Phase Microscope, and then measured
by Imaged. 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 pmol photons m= s™',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.

Fresh Weight — Dry Weight

RWC =
Turgid Weight — Dry Weighta
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Construction of alImt12/proGC1:: ALMT12, almt12/GC1:: ALMT

12-203CY205C " amt9-2/ 35S::ALMT9 and almt9-2/ 35S:: ALMTQF243CY245¢C

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 1) (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 ALMT712-205CY207C " sing 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 gPCR

ALMT9-qPCR_R TCACCGAATAAAGTGGAAAGCTCAG ALMT9 gPCR

actin2_F TGGAATCCACGAGACAACCTA gPCR reference gene
actin2_R TTCTGTGAACGATTCCTGGAC gPCR reference gene
ALMTO-F ATGGCGGCGAAGCAAG ALMT9 Gateway Cloning
ALMT9-R CATCCCAAAACACCTACGAATCTTC ALMT9 Gateway Cloning

ALMT9-nonter-R

CCCAAAACACCTACGAATCTTC

ALMT9 Gateway Cloning

pART27/ 35S:: ALMTIOF243C

Kpnl-ALMTO9-F GGGGTACCATGGCGGCGAAGCAAGGTT Cloning

Kpnl-ALMTO-R ,;\_CGGTACCCATCCCAAAACACCTACGAA pé/l-\oRr;rii;/ 35S:: ALMT9F243C
atalmtl12-1_F GTTGTGCAAAGGGCTTAATAGAG almt12-1 genotyping
atalmtl2-1_R CAAGAAGGCTCATGAAAAGACAG almt12-1 genotyping
atalmtl12-2_F ACAAGACCACCGTTGGTAAACTC almt12-1 genotyping
atalmt12-2_R CTCCGGCTAATCTTACACAAGG almt12-1 genotyping
Spm32 TACGAATAAGAGCGTCCATTTTAGAGT | almtl12 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_YO7C_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.

. GABA
Time/ hr /mM Genotype n Mean/ um| SD t-test P
1 0 WT 101 1.41 0.61
4.5 0 WT 101 1.74 0.68 364 | 3.45E-04
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 0.59 518 | 596607
45 0 almt9-2 87 1.31 0.64
1 2 almt9-2 86 0.78 0.53

5. 2.05E-
45 2 almt9-2 113 1.24 0.58 >-68 05E-08
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A
BAIMTS 1 MARKQGSFRHGILEKRERLLSNNGFSDFRFTDIESNDLLENENCGRRTRLCCCCSCGNLS 60
ALMT g¥2ascrzasc L e e e e e e e aaaaaeae e 60
BRIMTS 61 EKISGVYDDRKDVARKAWEMGVSDPRKIVFSEKIGLALTIVALLIFYQEPNPDLSRYSVW 120
BLMT §F243cT245C Bl i i ta e iaaaaaatasacaaaaasaaaaaa et 120
BRIMTS 121 RILTVVVVFEFTIGATLSKGENRALGTLSAGGLALGMAELSTLFGDWEEIFCTLSIFCIG 180
R I 180
ATMTS 181 FLATFMKLYPSMEAYEYGFRVFLLTYCYILISGFRTGQFIEVAISRFLLIALGAGVSLGV 240
e 240
BRIMTS 241 NMFIYPIWAGEDLHNLVVENFMNVATSLEGCVNGYLRCLEYERIPSKILTYQRSEDPVYE 300
N 300
BAIMTS 301 GYRSAVESTSQEESLMSFRIWEPPHGPYKSFNYPWENYVKLSGALKHCAFTVMALHGCIL 360
BLMTOF243CTZA5E 300 | it et et et e e e e e e e e eaaaeaaeann 360
ALMTS 361 SEIQAPEERRQVFROELQRVGVEGAKLIRELGEKVEKKMEKLGPVDLLFEVHLAREELQHE 420
R 420
BRIMTS 421 IDKKSYLLVNSECWEIGNRATKESEPQELLSLEDSDPPENHAPPIYAFKSLSERVLEIPFP 480
N 480
BAIMTS 481 SWGEKNHREALNHRPTFSKQVSWPARLVLPPHLETTNGASPLVETTKTYESASALSLATE 540
R 540
RIMTSY 541 ASLLIEFVARLONVVDAFKELSQKANFKEPEIVITGTLIVEFSGERVGLGQKIRRCEGM 5598
R 598

B
BRIMT1Z2 1 MSNKVHVGSLEMEEGLSKTEKWMVLEPSEKIKKIPKRLWNVGKEDPRRVIHELKVGLSLTL &0
ALMT]21205CF207C L e e et e e e aa e &0
ALMT12 €1 VSLLYLMEPLFKGIGSNAIWAVMTVVVVLEFSRAGATLCKGLNRGLGTLIAGSLAFFIEFV 120
ALMT12L205CF207¢ B i i i a i aaaaaaaaaaaaae e aaaa e 120
AIMT12 121 ANDSGEVLRAIFIGTAVFIIGRAAATYIRFIPYIKKNYDYGVVIFLLTEFNLITVSSYRVDS 180
R 180
AIMT12 181 VINIAHDRFYTIAVGCGICLFMSLLVFPIWSGEDLHKTTVGKLQGLSRSIEACVDEYFEE 240
ALMTI2L205CE20TC 181 i i CoC e 240
ATMT12 241 KEKEKTDSKDRIYEGYQAVLDSKSTDETLALYANWEPRHTLRCHRFPCQQYVEVGAVLRQ 300
BLMTLI2L2050F20TE D ittt ate et st e s et s e a e a et e e 300
BRIMT1Z2 301 FGYTVVALHGCLQTEIQTPRSVRALFKDPCVRILAGEVCKALTELADSISNHRHCSPEILS 360
BLMT12T205CF20TE 30T it e e et et e e e e e e e e e e e e e eaaaeeaeaaan 360
AIMT12 36l DHLHVALQDLNSAIKSQPKLFLGSNLHRHNNKHQNGSISNNKHHQRNSSNSGEDLNGDVS 420
N L 420
AIMT12 421 LONTETGTREKITETGSRQGONGAVSLSSFRTDTSALMEYRRSFKNSNSEMSRAGERRMLR 480
BLMTL2L2050F20TE 4 L ittt i e et et e s et sa e sttt e e 480
AIMT12 481 PQLSKIAVMTSLEFSEALPFARFASLLVEMVARLDNVIEEVEELGRIASFKEYDNKRDQT 540
R 540
ATMT12 541 ADDVRCENPRANVTISVGRRE 560
BLMTI12L205CF207C 541 ... i inennnnns 560

Supplementary Figure 1. Protein sequence alignment of ALMT9 and ALMT9F243CY24sC

Protein sequence alignment of ALMT9 and ALMT9F243CY245C (A) and ALMT12 and
ALMT 121205C/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 aImt9-1 background.

A. Confocal images of almt9-1/35S::ALMT9 and almt9-1/35S::ALMT9#3¢Y24C_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::ALMTQF243CY245C

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::ALMT9"243¢¥245C 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 Hindlll and Kpnl 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::ALMTQF243CY245C
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::ALMTQ243CY245C #4  n = 221 for almt9-
2/35S::ALMTOF243CY245C #2- |n 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-
2/35S8::ALMTQF243CY245C #1  'n = 109 for almt9-2/35S::ALMTQF243CY245C 42  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 (gad2-7) 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



Chapter IV GABA reqgulation of stomata aperture in Arabidopsis: beyond a simple dose-response relationship 128

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 Il and lll), 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
| 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 GADS3, 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. gPCR
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 Il), 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.
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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 Il, 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.
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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; Fpays (5, 36) = 22.18, p < 0.0001; Faenotypes (1, 36) = 163.5,
p < 0.0001, and B, Finteraction (6, 56) = 1.272, p = 0.2851; Fpays (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
ANOVAIn 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 (gad2-1xgad1/2/4/5)

were crossed to generate the first filial generation (F1). The F1 generation contained
homozygous T-DNA insertions in the GADZ2 alleles, but were heterologous in the other
GAD alleles — GAD1, GAD4 and GADS. 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 gad2-1xgad1/2/4/5 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 GADZ2 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 Il, 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
GADS 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 gad17 single mutant had WT-like GABA level in leaves (Fig. 4D).
The result based on the F2 plants indicated that only gad2 and gad7/2 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 gad2-1xgad1/2/4/5 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 F4. C. Stomatal
conductance of WT, gad2-1, gad1/2/4/5 and F,. 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 F»,. 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; D, F (10, 54) = 34.53, P<0.0001.

P<0.0001;

C, F (6, 50) =

13.65,

To determine whether mutation of GAD4 or GADS eliminated the higher stomatal

conductance of gad1/2 and gadZ2-1, 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 uym) (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 um). 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; Frreatment (1, 2655) =

7.753, p = 0.005. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

In another experiment, | 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 gPCR result, GAD4
expression was eliminated in gad4, and that the expression of GAD1, GAD2 and GADS

was not induced in rosette leaves of the mutant (Fig. 6B).
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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. gPCR 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 GADZ2A 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
GAD?2 lacking the C-terminal auto-inhibitory domain (GAD2A) 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::GAD2A-
GFP were observed using confocal microscopy. The GFP fluorescence was exclusively
shown in guard cells (Fig. 7A). semi-gPCR analysis on rosette leaves also suggested
expression of GAD2A successfully in both gad1/2/4/5 /GC1:: GAD2A-GFP and gad1/2/4/5

/GC1:: GAD24A (Fig. 7B).

200 bp
-300 bp
GAD2 ‘ -,
& N o ] f 2
& @Gﬁ, S\\,&\ W ,gy\ ,qu’ %@\
¢ GC1::GAD2A  GC1::GAD2A-GFP

gad1/2/4/5

GC1::GAD2A-GFP
#4-2 #6-1

Figure 7. Guard cells specific complementation of GAD2A in gad1/2/4/5.

A. GFP fluorescence image of guard specific expression of GAD2A-GFP in the leaves of a
gad1/2/4/5 mutant line observed under confocal microscope, scale bar = 20 ym B. semi-gPCR

analysis of GADZ2 transcript levels in WT, gad1/2/4/5 and complementation lines as indicated.

Stomatal conductance of the lines expressing GAD2A was recorded. Two individual
gad1/2/4/5 /GC1:: GAD2A 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:: GAD2A-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).
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Figure 8. Stomatal movement of WT, gad2-1, gad1/2/4/5 and GC1: GAD2A/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/GAD2A-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 gad?1 (Mekonnen et al. 2016). In chapter Il, 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 Jgad2-1 x Q@gad1/2/4/5,
which mimics the genotype of gad2-1, this ascertained that the loss of GADZ is associated
with impaired gas exchange and the additional loss of GAD4 (simultaneously with GAD1)
or GADS 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:: GAD2A, 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:: GAD2A 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:: GAD2A 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:: GAD2A vs. gad2
/GC1:: GAD2A 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 GADS 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 gad? (Fig.
4C, Suppl. Fig. 6). This confirmed that the enlarged stomata in gad1/2 is due to a mutation
in GADZ2, instead of GAD1, probably due to the prominence of GADZ 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 Il) (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 Ill, 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 GADS. Recently, research in
plant immunity showed that Pseudomonas syringae type |l 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 H202 possibly by impaired
response in Reactive oxygen species (ROS) production gene (Su et al. 2019). ROS
synthesis in plants involves Ca?* signalling, MPK (including MPK®6/9) 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 GAD7 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, gad1/2/6 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 Ca?* signalling (Demidchik et al. 2018). For instance,
Glu and L-Met can activate GLR-mediated Ca?* 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 GADZ2 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 gad7 (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:: GAD2A-GFPI/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 (TO) 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 pg/ 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 pmol -m?-s-' ,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 gPCR, total RNA samples were extracted from rosette leaves using TRIzol Reagent

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



Chapter IV GABA reqgulation of stomata aperture in Arabidopsis: beyond a simple dose-response relationship 149

Invitrogen). cDNA was synthesized with SuperScript 11l Reverse Transcriptase (Invitrogen).
Real time gqPCR was performed with KAPA SYBR® FAST gPCR 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-gPCR

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 x dilution of cDNA made
from 1 yg 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 KCI-
MES buffer (10 mM MES, 10 mM KCI, 5 mM Malate, pH 6.0 adjusted with Tris base) (Xu
et al. 2021), with or without ABA or GABA, under light (200 umol photons m2 s-1) or dark
conditions. Stomatal status was captured under a Zeiss Axiophot Fluorescence Phase
Microscope, and then measured by ImagedJ. 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 ymol photons m s™,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.

Fresh Weight — Dry Weight
Fresh Weight

Water Content =

Fresh Weight — Dry Weight

RWC =
Turgid Weight — Dry Weight

Pharmacological treatment

Topical treatment with ABA and GABA were modified from previous research (Séderman
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 uM +-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 pm, 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 GC7 (-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 Kpnl and Hindlll flanked
atthe 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 Spel, which existed only between attR2
and the nos-terminator of the backbone. PCR amplification products Kpni-proGC1-Hindlll,
Spel-Mgfp6-Spel and pMDC32-35s backbone was respectively digested by Hindlll and
Kpnl or by Spel. 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



Chapter IV GABA reqgulation of stomata aperture in Arabidopsis: beyond a simple dose-response relationship 152

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 Il 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 Tag 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 Il Enzyme mix (Invitrogen) was used to recombinant GAD4 from
pCRS8 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;

*kk%k

, 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 gad1l genotyping
SALK_017931_RP GGAGCCAATGTTCAAGTAACG gad1l 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-seql_F TGGATGGAACCTGAGTGTGA gad>5 genotyping
GAD5-seq3_R CCATCCTGTCTCTGCGTTTT gad5 genotyping
GAD1-gPCR _F GCTGACCAACCCACCTTTAC GAD1 gPCR
GAD1-gPCR_R CGGCACTATCCATCCATACC GAD1 gPCR
GAD2-gPCR _F GCGGAGAGACTTGTTGCTGA GAD2 gPCR
GAD2-gPCR_R TTTCCACACAAAGGCAACAC GAD2 gPCR
GAD3-gPCR _F ACAGCTTCCAAATCCGATGA GAD3 gPCR
GAD3-gPCR_R TCCATCCAAGTGGTCACAAA GAD3 gPCR
GAD4-gPCR _F TACGTCCGCAACTCTCTTCC GAD4 gPCR
GAD4-gPCR_R TGAAGCTCAGTGGTGACAGG GAD4 gPCR
GAD5-gPCR _F TGCTTGCTGGTTTGGCTTTC GADS gPCR
GAD5-gPCR_R CCATCCTGTCTCTGCGTTTT GADS5 gPCR
GADA4-CDS _F ATGGTTTTGTCTAAGACAGTTTC GAD4 cloning
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GAD4-CDS_R CATGCAAATTGTGTTCTTGTTG GAD4 cloning
Hindlll-proGC1_F GCCAAGCTTTTTATAAGTTTTCAA Binary vector construction
proGC1-Kpnl_R AAGGTACCGCCACCACATTCATC Binary vector construction
CCA1-gPCR_F CCTCAAACTTCAGAGTCCAATGC CCA1-gPCR

CCA1-gPCR_R GACCCTCGTCAGACACAGACTTC CCA1-gPCR

LHY-gqPCR_F GAAGTCTCCGAAGAGGGTCG LHY-gqPCR

LHY-gPCR_R TATTCACATTCTCTGCCACTTGAG LHY-gqPCR

TOC1-gPCR_F GCTATGAACAGAAGTAAAGATTCG TOC1-gPCR

TOC1-gPCR_R GGATATCCCGTCATTCCATTCGGA TOC1-gPCR

actin2_R TTCTGTGAACGATTCCTGGAC qPCR reference gene

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_474EQ5 (gad2-1)
GAD4 AT2G02010 Base 474 2nd exon Salk_106240 (gad4b)
GAD5 AT3G17760 Base 1391 4th exon SALK 203883
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primer 1+2 primer 1+3
3,
GABI_474E05 WT  god2-1 godi/2/4/s WT  gad2-l gadl/2/4/5
1517 bp
GAD2 .vm:;l-l TAR S - wme "
1 . S 000 bp

Supplementary Figure 1. Mutation specificity of GAD2 in gad2-1 and gad1/2/4/5.

A. Schematic of gad2-1 (GABI_474_EO05) T-DNA insertion. B. The primer designed specifically for
GABI insertion lines and GADZ2 gene specific primers (primer1-3 in a.) were used for genotyping.

Identical in size of PCR products suggests the same mutation of GADZ2 in gad2-1 and gad1/2/4/5.



Chapter IV GABA reqgulation of stomata aperture in Arabidopsis: beyond a simple dose-response relationship 156

GAD3 68 ARGAAG--ATGGTTTTATCTAAGACAGCTTCCAAATCCGATGATTCAATCCATTCAACTT 125
(RN ER s AR SR AR NP E e E AN RE R A H RS EEER AR A Ry SRR
GADY 148 AAGARGACATGGTTTTGTCTAAGACAGTTTCCGAATCTGATGTCTCAATCCATTCAACTT 207

GAD3 126 TTGCTTCCCGTTATGTCCGCAACTCTATCTCACGATTCGAAATACCTAAGAACTCCGATCC 185
PRRRIYL FRREE RRRRRpratrey PORRERRERRRIL VIE VRERLRE SOE
GADd 208 TTGCTTCTCGTTACGTCCGCAACTCTCTTCCACGATTCGAARTGCCTGAGAACTCARTCC 267

GAD3 186 CTAAGGARGCAGCATACCARATCATCAACGACGAGCTCAAGTTTGACGGTAACCCGAGGE 245
R AN R R R R R RN R R R RN H AR B B R E R RE R RPN SRR
GAD4 268  CAAARAGAAGCAGCTTACCARATCATCAACGACGAGCTAATGCTCCGATGGTAACCCAAGGC 327

GAD3 246  TAAACCTGGCCTCCTTIGTGACCACTTGGATGGAGCCAGAATGTGACAAGCTCATGATGE 305
[ N e e N N R R R R AR R A RN A ]
GAD4 328 TGAACCTAGCTTCCTTCGTGACCACATGGATGGAGCCAGAATGTGACAAGCTCATGATGG 387

GAD3 308 AATCCATCAACAAGRRCAACGTTGAGATGGACCAATACCCTGTTACCACCGACCTTCAGR 365
L e e O e R R R R e R R R NN AR RN |
GADYd 388 AGTCCATCAACARAGRACTACGTCGACATGGACGAGTACCCTGTCACCACTGAGCTTCAGA 447

GAD3 366 ATCGATGCGTTAACATGATTGCGCGTCTCTICARCGCGCCTITAGGTGACGGTGARGCCG 425
TR bevvinbnrer pn rnrnennrninneibnt Porrrrirneinnner i
GAD4 448 ACCGATGTGTTAACATGATAGCACGTCTCTTCAACGCGCCGCTTGGTGACGGTGARGCTE 507

GAD3 426  CCATTGGTGTTGGCACGGTGGGGTCATCGGAGGCAGTGATGTTGGCCGGACTGGCCTTTA 485
L1506 B R A e N N B} Porrereennint IERUBE AR
GAD4 508 CGTTGGETETTGGCACCGTCGGATCGTC 3 TATGTTGGCCGGITTGGCTTTTA 567

GAD3 486 AGAGACAGTGGCAGAACAAGCGTAAGGCCCTAGGGCTGCCTTATGATAGACCTAATATTG 545
FROETR R RRRTY RSP R bRty VOt AR ntnenier  hp §Peae
GAD4 568 AGAGACAATGGCAGAATAAGCGTAAGGCCCARGGGCTTCCTTATGATARGCCCAATATCG 627

GAD3 548  TRACCGGAGCCAATATTCAGGTTTGCTTGGAGAAATTTGCAAGGTATTITGAAGTGGAGC 605
L A B R I e B R N R e R N AR RN RR R
GADd 628  TAACCGGTGCTAATGTCCAGGTTTGCTGGGAGAMMTTCGCAAGGTATTICGAAGTGGAGE 687

GAD? 606 TTAAGCARCTGAAGCTCAGAGARGGATATTACGTGATGCACCCTGACRARGCCGTIGARA 665
L R e e R N R R R AR N E O AR AR
GADY 688  TTAAGGAAGTGAACCTAAGAGAAGACTATTACGTGATGGACCCTGTARAGGCGGTCGAAA 747

GAD3 666 TGGETAGACGAARACACTATATGCGTCGTGGCCATCCTCGGTTCGACACTAACCGGAGAAT 725
TRERTRRRRRRRRRR e 1 et trrriiineenene i PRERRTEL BRNY
GAD4 748 TGGTAGACGAARACACAATTTGTGTCGCTGCCATCCTCGGTTCARCGTTAACCGGTGAAT 807

GAD3 726 TCGAAGACGTTAAGCTCCTCAACGACCTTTTAGTCGAGARARACAAGRARACCGGATGGG 785
PIRELRRRE R il AR er b renerennntn
GAp4d 808  TCGAAGACGTTAAGCTCCTCAACGACCTCCTTGTCGAGRAARACAAGCARACCGGATGGE 867

GAD3 786  ATACGCCGATTCACGTGGACGCAGCGAGTGGTGGGTTTATTGCTCCCTTCTTGTATCCGE 845
PRRIRr rE ri e i bt b b by nreneiriiiing
GADZ 868 ACACGCCAATACACGTGGACGCAGCGAGTGETGEETTTATTGCTCCGTTCTTIGTATCCGE 927

GAD3 B46 ACTTGGAGTGGGATTTCCGGTTACCGTTGGTTAAGAGCATARATGTGAGTGGTCACARAT 205
1 PERRRARRRRTRE R PRt o bbb ti e et
GADY 928 AGCTGGAGTGGGATTTCCGGCTACCGTTGGTTAAGAGTATTAATGTGAGTGGTCACARAT 987

GAD3 906  ACGGTTTGETTTACGCCGGTATCGGTIGGGTCGTATGGAGAACCAAAACCGATTTGCCTG 965
R R R R R R RN N R N R e R RN RN AR R R RN R A
GAD4 988 ACGGTTITGGTTTACGCCGGTATTGGTTGGGTTGTATGGAGAACCAARACCGATTTGCCTG 1047

GAD3 966  ATGAACTTATCTTCCATATCAATTATCTTGGAGCTGATCAACCCACATITACCCTCAACT 1023
IRERVRR R R R E P LRl LR e vl nvney b
GADd 1048  ATGAACTTATCTITCCATATCAATTATCTTGGCGCTGATCAACCAACCTITACACTCAACT 1107

GAD? 1026 TCTCTAAAGGGTCAAGTCAAGTGATTGCTCAGTACTACCAGTTGATTCGTCTTGGATTCG 1085
LERE BR0EE VERRR R R PR R e b LR et
GAD4 1108 TCTCCARAGGTTCAAGTCAAGTGATTGCTCAGTACTACCAGCTGATTCGTCTTGGATTCG 1167

GAD3 1086 AGGGATATCGCAACGTGATGGATAATTGCCGCGAGAACATGATGGTACTAAGACAAGGAT 1145
TORE VRRERREE RERRRE Rt o 80 e pentenigneyninen
GADd 1168 AGGGTTATCGCAATGTGATGGATAATIGTCGGGAAAARCATGATGGTACTAAGACAAGGAT 1227

GAD3 1146 TAGAGAAAACGGGACGTTTTAACATCGTCTCCARAGAAAACGGTGTTCCGTTAGTGGCGT 1205
PORRPRI R R R R T PR e i i e e i et
GAD{ 1228 TAGAGAARACGGGACGTTTTAAAATCGTCTCCAAAGAAAACGGTGTTCCGTTAGTGGCGT 1287

CGAGGTGGCCGAAATGCTTCGTCGCT 1265
PRREALBENE 1 1 B FRiRbIR
CGAGGTGGCCCATACACTCCGTCGCT 1347

GAD3 1206 TTTCTCTCAAAGATAGTAGCCGCCACAACGAGT
IR R R R R ER RS RN ]
GADY 1288 TTTCTCTCRAAGATAGTAGCCGCCACAACGAGT

T
1
T

GAD3 1266 TCGGCTGGATCGTTCCGGCCTACACGATGCCTGCGGATGCGCARCATGTCACGGTCCTTC 1325
(RN NN RN R R RN AN R RN R AR R AU
GAD4 1348 TCGGCTIGGATCGTTCCGGCCTACACGATGCCTG ATGCGCAGCATGTCACTGTCCTTC 1407

GADI 1326 GAGTTGTTATCCGAGAAGATTTCTCTCGAACCTTAGCTGAGAGATTGGTAGCCGATTTICG 1385
TRERTRR R R R R PP R R PR R e YRR RR LRy ritienl
GAD4 1408 GAGTTGTTATCCGAGAAGATTTCTCTCGAACCTTAGCCGAGAGATTGGTAGCTGATTTCG 1467

GAD3 1386 AGAAGGTTCTACACGAGCTCGATACGCTTCCCGCGAGGGTTCACGCCAAGATGGCTAGTG 1445
TRRELERREER YRR R R IR L PR e e v e ity i
GAD4 1468 AGAAGGTTCTACACGAGCTCGATACGCTTCCGGCGAGGGTTCACGCCAAGATGGCTAATG 1527

GAD3 1446 GAAAAGTTAACGGTGTTAAGAAGACGCCAGAGGAGACGCAAAGAGAAGTCACGGCCTACT 1505
(EE R R AR R N RN R N AN RE AR
GADY 1528 GAAAAGTTAACGGTGTTAAGAAGACGCCAGAGGAGACGCAG AGTCACGGCCTACT 1587

GAD3 1506 GGAAGAAGTTTGTGGACACTAAGA 1529
VI LA R
GAD4 1588 GGAAGAAGTTGTTGGAGACTAAGA 1611

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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A
SK_106420
ATG GAD4 TAA ATG GAD3 TAA
PCR product 1 PCR product 2
PCR product 3
B

Supplementary Figure 3. Identify T-DNA insertion between GAD3 and GADA4.

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 GADA4. 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/AGAD2-GFP, n= 113 for WT, n= 125 for gad2-1, n= 125 for

gad1/2/4/5, n= 133 for gad1/2/4/5/AGAD2-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 gad? 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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o

pMDC32-proGC1::mGFP6

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.
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regulation

Introduction

The results in chapter Il 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
Il, 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 uM but not 25 yM (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 um, for gad1/2/4/5 =1.546 + 0.07 um; 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 pm, for gad1/2/4/5 = 1.901 + 0.09 um; 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 uyM and 5 pM
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
MM 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 uM ABA (Suppl. Fig.
4A). To be specific, 2.5 yM ABA caused a closure of between 40-50% of the stomatal width
of all genotypes, while 5 yM 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).

(ai - aCtrl)

Closing extent =
Actrl

Equation 1

e 3;: Individual stomatal width;
® acn: Mean stomatal width of the genotype under control condition.



Chapter V Investigating GABA-ABA crosstalk during stomatal regulation

166

+

Stomatal aperture/ um

Stomatal aperture/ um

Two-Way ANOVA, F(4, 1042) = 2.343, p =0.053, 1,2 = 0.009;
ABA effect, F(2, 1042) = 142.606, p < 0.05, 71,2 =0. 215
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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 2.5uM ABA group, n = 113 for WT, n = 111 for gad2-
1, n = 110 for gad1/2/4/5; In 2.5uM ABA group, n = 122 for WT, n = 120 for gad2-1, n = 145 for
gad1/2/4/5. The box plots indicate median tdata-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 yM ABA, 46.6 + 0.02% with 5 uM ABA) than that of WT (49.3 + 0.03% with
2.5 uM ABA, 53.8 + 0.02% with 5 uM ABA) and gad1/2/4/5 (52.7 + 0.03% with 2.5 yM ABA,
62.3 + 0.02% with 5 yM 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, ng® = 0.011 for 2 hr treatment; F (4, 1042) = 2.343, p =0.053, ng? = 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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Two-Way ANOVA, F(4, 1179) = 3.341, p <0.05, 73,2 = 0.011;
Genotype effect, F(2, 1179) = 178.585, p < 0.05, 1, =0.233.
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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 yM ABA group, n = 125 for WT, n = 137 for gad2-1, n = 124
for gad1/2/4/5; In 5 yM ABA group, n = 133 for WT, n = 134 for gad2-1, n = 129 for gad1/2/4/5.
The box plots indicate median tdata-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 gad1/2/4/6/GC1:: GAD2A to ABA

Previously, it has shown that guard cell specific complementation of GAD2A by the GC1
promoter for gad2-1 and gad1/2/4/5 (respectively designated gad2-1/GC1:: GAD2A and
gad1/2/4/5/GC1:: GAD2A) led to different outcomes (Chapter IV, Fig. 9). gad2-1/GC1::
GAD2A restored wildtype-like stomatal aperture, stomatal conductance and water loss (Xu
et al. 2021); whilst gad1/2/4/5/GC1:: GAD2A 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 GADZ2 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:: GAD2A. Two-way
ANOVA indicated that stomatal opening in the gad1/2/4/5/GC1:: GADZ2A 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:: GAD2A 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 yM dose further closed stomata to a similar
extent with a 2.5 uM 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 yM 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:: GAD2A (62.1 £ 0.03%). The complemented line also
had a lower closing extent under 2.5 yM ABA treatment, and there was no significant
difference between that in gad2-1 and gad1/2/4/5/ GC1:: GAD2A after Two-Way ANOVA,

F (9,1401) = 3.540, p <0.05, ng2 = 0.022. (Suppl. Fig. 4A).

Given that stomatal aperture of gad2-1 and gad1/2/4/5/GC1:: GAD2A was significantly
larger under control conditions - when calculating the closing extent - the larger divisor (actr)
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 pm) was similar in all
genotypes, except when 1 uyM ABA was applied, gad1/2/4/5/GC1:: GAD2A stomata had an
average closure of 2.09 + 0.093 um, which is significant bigger than that of gad2-1 (1.89

pum £ 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:: GAD2A.

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:: GAD2A; In 0.1 uM 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:: GAD2A; In 1 yM 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:: GAD24; In 2.5 yM 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:: GAD2A, n =
46 for WT, n = 36 for gad2-1, n = 35 for gad1/2/4/5, n = 35 for gad1/2/4/5/GC1:: GAD2A 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 yM) 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 ElI-Gawad et al. 2020). As suggested in chapter Il (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 uM 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 yM 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; Frreatment (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; Faenotypes (1, 32) = 0.3731, p = 0.5456;

Frreatment (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 gad? 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, ng® =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, ng® = 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, ng? = 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 0.5uM
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+ 0.5uM 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 tdata-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.



Chapter V Investigating GABA-ABA crosstalk during stomatal regulation

181

Stomatal aperture/ um

Stomatal aperture/ um

6.0

4.0

g
=}

o
o

@
o

by
o

2.01

0.04

6.07

Three-Way ANOVA, F(7,4517)=4.333, p <0.0001, 1> =0.007;
GABA effect, F(1,4517)=669.102, p<0.001, 7,

2=0.129.

WT

gad1i

gad2-1

gad4

gad2/4

gadi/2/4 gad1/2/6

gad1/2/4/5

S

=

=

&

3

o

1=

=

)

3

> © S o S o o % S o S o o % S
Ny Q N3 Q Y < Ny Y
pwc: Emmeans test; p.adjust: Bonferroni
Three-Way ANOVA, F(7, 4517) =4.333, p<0.0001, ;';'gz =0.007;
ABA effect, F(1,4517)=16.389, p<0.001, rp'gz =0.004.
WT gad1 gad2-1 gad4 gad2/4 gad1/2/4 gad1/2/5 gad1/2/4/5

o

3

=

:

o o
<

:

S & o b

pwc: Emmeans test; p.adjust: Bonferroni

o b



Chapter V Investigating GABA-ABA crosstalk during stomatal regulation 182

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 0.5uM 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+ 0.5uM 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 tdata-range. Asterisks indicate
significant effect of 0.5mM GABA on stomatal opening of each genotype (A) and effect of 5 uM
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 Il). 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 I, 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 Il, 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 ECso of gad2-1 (24.72 £ 0.083 uM) than that of WT (8.78
0.087 uM) and gad1/2/4/5 (4.29 + 0.0 yM) 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 ECso of ABA on stomatal

closing, especially when comparing WT and gad1/2/4/5.

This all said, guard-cell specific complementation of GAD2A, 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 Il indicated that GABA (2 mM) impaired induced stomatal opening in
Arabidopsis WT (Chapter Il, 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 Il, 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 GADS3 led to increased
sensitivity of plants to combined stress of high light and heat (Balfagén 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 GADZ2 expression led to reduced stomatal
opening (Chapter Il, Fig. 4-5). However, complementation of GABA synthesis via GC1.:
GAD2A 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 GADS5 altered stomatal responses in gad1/2/4/5,
possibly via change in ion (such as, malate*, CI- 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.



Chapter V Investigating GABA-ABA crosstalk during stomatal regulation 187

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.
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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 Il. 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 yM ABA was illustrated, 1 indicates increase in stomatal aperture. "n.s.” indicates not

significant.
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Genotype contains Phenotype
Stomatal Stomatal Effect of 0.5
Effect of 0.5
GAD1|GAD2 |GAD4|GADS5| aperture/ conductance/ M GABA mM GABA
relative to WT | relative to WT +2.5 UM ABA
WT + + + + 1 1 0.23 um ™ 0.25 um
gadl - + + + n.s. n.s. 0.28 um n.s.
gad2-1 + - + + 1.448 1.499 n.s. n.s.
gad4 + + - + n.s. 1.984 n.s. n.s.
not
gadl/2 - - + + not measured |1.659 not measured
measured
gad2/4 + - - + n.s. 1.516 n.s. 0.37 um
gad1/2/4 - - - + n.s. n.s. 0.30 um P n.s.
gad1/2/5 - - + - n.s. n.s. 0.21 um P n.s.
gad1/2/4/5 |- - - - n.s. n.s. n.s. 0.26 um
gad1/2/4/5 GC:: not
/GC:: GAD2A GAD2A 1.177 2.015 notmeasured | asured

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 KCI-MES buffer (10
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mM MES, 10 mM KCI, 5 mM Malate, pH 6.0 adjusted with Tris base) (Xu et al. 2021). For
ABA induced stomatal closing, epidermal peels were incubated in KCI-MES buffer and
placed under light (200 umol pmol photons m2 s) 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 KCI-MES buffer and placed under dark for 1.5 hr to

close stomata before ABA ((x)-Abscisic acid, Sigma-Aldrich) or GABA (y-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 pmol photons m2 s') before taking images
under a microscope. Stomata status were captured under Zeiss Axiophot Fluorescence
Phase Microscope. Stomatal measurement was undertaken by Imaged. Stomatal width,
stomatal width/length ratio and stomatal area was measured in this experiment through
ImagedJ 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 yM 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 2MS 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 ymol photons m= s-1.
Seedlings aged 2-3 days with similar leaf size and root length were transferred to 2MS
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 yM ABA group, n = 114 for WT, n = 109 for gad2-1, n = 112
for gad1/2/4/5; In 5 uM ABA group, n = 122 for WT, n = 121 for gad2-1, n = 146 for gad1/2/4/5.
The box plots indicate median tdata-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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ABA effect, F(2, 1042) = 142.606, p < 0.05, 71, =0. 215
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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 yM ABA group, n = 113 for WT, n = 111 for gad2-1, n = 110 for
gad1/2/4/5; In 2.5 yM 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 uM ABA group, n = 125 for WT, n = 137 for gad2-1 , n = 124 for gad1/2/4/5; In
5 uM 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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Two-Way ANOVA, F(4, 1748) = 4.519, p <0.05, 1,7 = 0.010;
Genotype effect, F(2, 1748) = 134.361, p < 0.05, n,® =0.133.
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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 uM ABA group, n = 114 for WT, n = 109 for gad2-1, n = 112 for
gad1/2/4/5; In 5 uM 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:: GAD2A 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 ym 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:: GADZ2A; In 0.1 yM 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:: GAD2A; In 1 uM 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:: GAD2A; In
2.5 yM 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:: GAD2A, n = 46 for WT, n = 36 for gad2-1, n = 35 for gad1/2/4/5, n = 35 for

gad1/2/4/5/GC1:: GAD2A 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 0.5uM 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+ 0.5uM 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



Chapter V Investigating GABA-ABA crosstalk during stomatal regulation 204

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 yM ABA group, n = 166 for WT, n = 212 for gad2-1, n = 218 for gad1/2/4/5; In
0.5 uM ABA group, n = 172 for WT, n = 148 for gad2-1, n = 154 for gad1/2/4/5; In 0.6 yM ABA
group, n = 178 for WT, n = 209 for gad2-1, n = 226 for gad1/2/4/5; In 1 yM ABA group, n = 170 for
WT, n = 183 for gad2, n = 145 for gad1/2/4/5; In 1.5 yM ABA group, n = 227 for WT, n = 230 for
gad2-1, n = 295 for gad1/2/4/5; In 2.5 yM ABA group, n = 321 for WT, n = 416 for gad2-1, n = 371
for gad1/2/4/5; In 5 yM ABA group, n = 141 for WT, n = 127 for gad2-1, n = 135 for gad1/2/4/5; In
10 uM ABA group, n = 80 for WT, n = 91 for gad2-1, n = 94 for gad1/2/4/5; In 15 uM 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 uM 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). YO indicates initial root length. k indicates the velocity of change form YO 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- Ctrl
Light period Genotype -
df Linear model
WT 75 Y=0.639-X +0.306, R?>= 0.92
gadl 79 Y=0.639-X +0.306, R?>= 0.93
gad2-1 58 Y=0.639-X +0.306, R?>= 0.94
gad4 79 Y=0.639-X +0.306, R?>= 0.95
gad1/2/4/5 80 Y= 0.639-X +0.306, R?= 0.96
Short Day G . Nonlinea least square regression-logistic- 20 uM ABA
enotype
P df | YMm Yo K R? SSE
WT 50 3.462 0.6085 0.5184 0.968 1.743
gadl 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
. . Linear regression- Ctrl
Light period Genotype -
df Linear model
WT 68 Y= 0.747-X +0.407, R?= 0.95
gadl 69 Y= 0.676-X +0.478, R?= 0.93
gad2-1 51 Y= 0.709-X +0.387, R?=0.93
gad4 71 Y=0.800-X +0.249, R’>= 0.94
gad1/2/4/5 67 Y=0.794-X +0.298, R?>= 0.95
L b Genot Nonlinea least square regression-logistic- 20 uM ABA
ong Da enotype
& Hay yp df YM YO k R? SSE
WT 44 3.935 0.5908 0.3612 0.8524 5.008
gadl 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
gadl/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 uM 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'. 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). YO 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. R? indicated confidence of prediction.
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Linear regression- without ABA

Genotype ABA/ uM | GABA/ mM df R
WT 0 80 Y= 0.93*X +0.454, R?>= 0.94
1 69 Y=0.823*X +0.629, R?= 0.93
gad1 0 82 Y= 0.908*X +0.396, R?>= 0.96
0 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, R?= 0.93
0 80 Y= 0.857*X +0.502, R?= 0.95
gad1/2/4/5
1 74 Y= 0.929*X +0.401, R?= 0.92

Nonlinea least square regression-logistic- with ABA

Genotype ABA/ UM | GABA/ mM df YM YO k R2 SSE
10 0 78 9.763 1.15 0.2715 | 0.9137 | 19.93
WT 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
0 77 14.42 1.104 0.224 0.8879 | 24.01
gad1 10 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
10 0 77 7.14 1.003 0.3238 | 0.9262 | 14.2
gad2 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
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
gad1/2/4/5
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 ym.
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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 I, 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::
ALMTYF243CY245C) phhenocopied the GABA-deficient mutant (gad2-1) with higher stomatal
conductance (Chapter Ill). Previous research suggests that GABA deficiency was
correlated with the enlarged stomata of the gad7/2 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 Il). However, further mutation of GAD4 and
GADS (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 GAD2A reduced stomatal opening of both WT and gad?2
(Chapter Il) but elevated that in gad1/2/4/5 (Chapter IV). The gad?1 mutant did not have
visible stomatal phenotype under conditions tested (Chapter 1V), 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 GAD7 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 GADZ2, 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 llI, 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 ALMT®6 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 Ill, Fig. 9; Suppl.
Tab. 2). These three groups had larger increase in stomatal aperture of around 0.5 um,
while that was 0.33 ym WT with no GABA applied (Chapter Ill, 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 Il, 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-ALMTG6 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/almt6é double mutant can phenocopy the gad2/almt9 mutant. GABA inhibition of
stomatal opening can also be tested on both aimt4 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 Ca?* signaling in the cell (Domingos et al. 2019). To further explore

the dynamic influence of GABA, future experiments could employ fluorescence sensors for



Chapter VI General discussion 219

in vivo GABA signaling monitoring. These include the intensity-based GABA sensing
fluorescence reporter (iGABASNFR ) for GABA, ClopHensor for cytosol Ca?*, pH, NOs™,
and CI~ and CapHensor cytosol Ca?* 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 GAD 1 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 (CCAT)

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



Chapter VI General discussion 222

Expression1 (TOC1) (Michael et al. 2008b). C. gPCR analysis of the expression of LHY, CCA1
and TOCT 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. elF4a (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 GADS5 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 GADS in
rosette leaves and root, it is hard to interpret how GADS 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 (Balfagén et al. 2021). Except for
several exemptions, plant GADs are conserved in activation by Ca?*/CaM at the C-teminus
(Akama and Takaiwa 2007). However, enzyme activity of GAD3 and GAD5 might not be
regulated by Ca?*/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 |, Arabidopsis GAD1 shows optimum catalyzing activity when
forming a homohexamer under low pH, presence of Ca?*/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 GADS5 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:: GAD2A had an opposite effect on gad1/2/4/5 and gad2-1
could be the lack of interaction of GAD1, GAD4 or GADS 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, Araujo 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 Il, 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, y-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 Ca?*/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 GADS 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 Oelmduller 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 Ca?* concentration and vice
versa (Gorlach et al. 2015). Ca?* 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 Ca?* 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.
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Peroxisome
PA —>GABA

“Ca?t
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Figure 3. Schematic of established interaction between GABA, ABA, ROS, MPK, pH and

Ca%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, GADZ2 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 GAD2A - 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 GAD71. 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 Ca?* 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 |, Arabidopsis GAD1 shows
optimal catalyzing activity when forming a homohexamer under low pH, presence of
Ca?*/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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