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Abstract

My research is focused on establishing a better understanding of how γ-aminobutyric acid,

GABA, contributes to the stress responses of plants, using the model plant Arabidopsis

thaliana wild type (WT) and GABA mutants. Some mutants target decreased GABA

production due to T-DNA insertion(s) in the major GABA producing gene(s) Glutamate

Decarboxylase (GAD). Others target increased GABA poduction through overexpression

of GAD or T-DNA knockout in the sole GABA catabolising gene GABA-transaminase

(GABA-T). The two GAD1 mutants were genotyped and the GAD1 expression was

examined in both the roots and shoots; while gad1KO was confirmed as a knock out line

of GAD1, gad1* had high levels of expression of GAD1 in both shoots and roots that

was comparable, if not greater than WT. Similarly, pop2-8, which cannot degrade GABA,

had significantly higher GABA concentration in their leaves than all other lines; while the

GAD2 -overpression lines did not.

In plants, the rapid accumulation of GABA in response to abiotic and biotic stress is

common, including salinity and hypoxia. During my PhD I have induced salt and hypoxia

stress to the above lines, explored their differences in response to salinity and submergence

(hypoxia), and found that the mutants had varied tolerance to these two types of abiotic

stress. Young and mature seedlings grown in square petri dishes and hydroponic system,

respectively, were used to examine the impact of salt on root elongation, biomass and

shoot ion content. To examine the response of plants with altered GABA metabolism to

hypoxia, plants were grown for up to 4.5 weeks in short day conditions, then submerged

in water for 6 d under light/dark cycles (slightly dimmed light during the day to represent

the natural floods), and recovered for 2 d. This research highlights the importance of a

tightly controlled and adjusted GABA content through GAD and GABA-T, as well as the

essential role of GAD1 expression for plants in response to salinity and hypoxia. When

GABA cannot be utilised (in the case of pop2-8 ), these plants had larger root growth and

biomass compared to WT plants under normal and salt stress, but this appears to result

in deficient recovery after submergence. After submergence, GAD1 expression was largely

up-regulated in all plants with a higher fold change than that previously reported for

GAD4. Moreover, GAD4 and GABA-T both impact the regulation of circadian rhythm,

which were not significantly affected in the GAD1 lines under normal conditions. RNAseq

and metabolite data suggests GABA regulation of hypoxia responses appears to occur

v



through regulating circadian rhythm, amino acid metabolism, organic acid metabolism

and transport, signalling transduction and photosynthesis.

GABA biosynthesis (in the cytosol) consumes protons while the final step in catabolism (in

the mitochondria) produces protons, thus GABA metabolism can alter pH in a cell. The

final aim of this thesis was to examine how pH regulates the activity of Aluminum-activated

Malate Transporter proteins (ALMTs), which are proteins shown to catalyse the movement

of carboxylate ions across membranes and are inhibited by GABA. Specifically, the impact

of a histidine residue within the putative GABA binding domain of wheat (Triticum

aestivum, Ta) TaALMT1, was examined for its role in regulating the pH sensitivity of

its malate transport capacity. TaALMT1 has greater malate-activated malate transport

at alkaline pH than at acidic pH. The histidine residue is completely conserved among

plant species, so its impact on transport of ALMT was studied here for the first time, in

terms of its role in ion transport and pH sensitivity. Histidine carries a positive charge

below pH 6 but is neutral above, therefore changes in pH would influence the charge

states of histidine, and potentially its role in proton sensing and regulating activity of

TaALMT1 at different pHs. This study conducted a single substitution of histidine to

either alanine (H224A) or arginine (H224R) in TaALMT1, expressed the cRNA in Xenopus

laevis oocytes, and then recorded the steady state currents in solutions of different pH

(with or without malate). The results showed the H224R mutation increased, while the

H224A inhibited, the external malate activated currents (mediated by TaALMT1) at both

acidic (pH 4.5 and 5.5) and alkaline (pH 7.5) pH. These results indicate the importance of

the H224 residue in maintaining the activity of TaALMT1 protein for ion transport but

could not alter pH sensitivity of the protein.

Taken together, this thesis mainly focused on the role of GABA metabolism under salinity

and hypoxia, and also explored the role of histidine within the putative GABA binding

motif in pH sensing for the pH sensitivity of ion transport. Knowledge from the current

study has expanded our understanding of how GABA contributes to plant stress tolerance

and signal transduction, and may be valuable for developing resilient crops given the fact

that salinity and flooding are two of the major hazardous disasters happening not only in

Australia, but also worldwide.
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Glossary

2-OG: 2-oxoglutarate; also named α-ketoglutarate.

2-OGDH: 2-oxoglutarate dehydrogenase; EC 1.2.4.2.

4-ABAL: 4-aminobutanal.

ABA: Abscisic acid.

ABAL: 4-aminobutanal.

ADC: Arginine decarboxylase; EC 4.1.1.9.

ADH: Alcohol dehydrogenase; EC 1.1.1.1.

AGT: Alanine:glyoxylate aminotransferase; EC 2.6.1.44.

Ala: Alanine.

AlaAT: Alanine aminotransferase; EC 2.6.1.2.

ALDH: NAD(P)+-dependent aldehyde dehydrogenase; a superfamily of oxidoreductases

involved in aldehydes oxidation; EC 1.2.1.3.

ALMT: Aluminum-activated malate transporter.

AMADH: Aminoaldehyde dehydrogenase; EC 1.2.1.19.

AMT1;2: Ammonium transporter 1 member 2.

Arg: Arginine.

ARGA: Arginase; EC 3.5.3.1.

ASN: Asparagine synthase/synthetase; EC 6.3.5.4.

Asn: Asparagine.

Asp: Aspartic acid, Aspartate.

AspAT: Aspartate:2-oxoglutarate aminotransferase; ASP; EC 2.6.1.1.

Boxplot: Box show median (Q2, 50th percentile) with interquartile range (IQR, Q3 -

Q1). Whiskers represent ranges from Q3 to Q3+1.5*IQR, and from Q1-1.5*IQR

to Q1.

BR: Brassinosteroid.

C:N: Carbon:Nitrogen.

CAT: Cationic amino acid transporter.

CuAO: Copper-containing amine oxidase; EC 1.4.3.22.

DAG: Days after germination.

DAO: Diamine oxidases; EC 1.4.3.6.
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DIT: Dicarboxylate transporter.

DW: Dry weight.

EIN3: ETHYLENE INSENSITIVE 3.

ERF-VIIs: Group VII of Ethylene Responsive transcription factors.

Fv/Fm: Potential quantum efficiency of Photosystem II.

FW: Fresh weight.

GABA: γ-aminobutyric acid.

GABA-T: GABA transaminase; gene name is POP2; EC 2.6.1.96.

GABP: GABA permease.

GAD: Glutamate decarboxylase; EC 4.1.1.15.

GAT: GABA transporter.

GDH: Glutamate dehydrogenase; EC 1.4.1.3.

GHB: γ-hydroxybutyric acid.

GHBDH: γ-hydroxybutyric acid dehydrogenase.

GLN: Glutamine synthetase; GS; EC 6.3.1.2.

Gln: Glutamine.

GLT1: NADH-dependent glutamate synthase 1; NADH-dependent glutamine:2-OG

amidotransferase (NADH-GOGAT); EC 1.4.1.14.

Glu: Glutamic acid; glutamate.

GLU1: Ferredoxin-dependent glutamate synthase 1; Ferredoxin-dependent glutamine:2-

OG amidotransferase (Fd-GOGAT); EC 1.4.7.1.

Gly: Glycine.

GORK: Guard cell outward rectifying K+ channel.

GSA: L-glutamate 5-semialdehyde.

HRG: Hypoxia responsive gene.

LHC: Light harvesting chlorophyll protein complex.

MAPK: Mitogen-activated protein kinase.

MDA: Malondialdehyde.

MDH: Malate dehydrogenase; EC 1.1.1.37.

mETC: Mitochondrial electron transport chain.

MRGR: Main Root Growth Rate.

NAD: Nicotinamide adenine dinucleotide.

NERP: N-end rule signalling pathway.

OAA: Oxaloacetate.

OAT: Delta-ornithine aminotransferase; δ-OAT; EC .
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ODC: Ornithine decarboxylase; EC 4.1.1.17.

OMT: 2-oxoglutarate/malate translocator.

Orn: Ornithine.

P5C: ∆-1-pyrroline-5-carboxylate.

P5CDH: ∆-1-pyrroline-5-carboxylate dehydrogenase; ALDH12A1; EC 1.2.1.88.

P5CR: ∆-1-pyrroline-5-carboxylate reductase; EC 1.5.1.2.

P5CS: ∆-1-pyrroline-5-carboxylate synthetase; EC 2.7.2.11 1.2.1.41.

PA: Polyamine.

PAO: FAD-dependent polyamine oxidase; E.C. 1.5.3.16.

PDC: Pyruvate decarboxylase; EC 4.1.1.1.

PDH: Pyruvate dehydrogenase; EC 1.2.4.1.

PIF: Phytochrome interacting factor.

Pro: Proline.

ProT: Proline transporter.

PSI: Photosystem I.

PSII: Photosystem II.

Put: Putrescine.

RBOHD: NADPH oxidase; EC 1.6.3.1.

ROS: Reactive oxygen species.

RWC: Relative water content.

SDH: Succinate dehydrogenase; EC 1.3.5.1.

Ser: Serine.

Spd: Spermidine.

SPDS: Spermidine synthase; EC 2.5.1.16.

Spm: Spermine.

SPMS: Spermine synthase; EC 2.5.1.22.

SSA: Succinic semialdehyde.

SSADH: Succinic semialdehyde dehydrogenase; ALDH5F1; EC 1.2.1.16.

SSR: Succinic semialdehyde reductase; GLYR; EC 1.1.1.61.

SUS: Sucrose synthase; EC 2.4.1.13.

TCA cycle: Tricarboxylic acid cycle; Citric acid cycle.

TF: Transcription factor.

Thr: Threonine.

TW: Turgid weight.

UCP: Plant uncoupling mitochondrial protein; PUMP.

Val: Valine.
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CHAPTER 1

Background

Plants are exposed to various environmental conditions, many of which are unfavourable

and are defined as stresses that are abiotic (e.g. salinity, drought, heat and cold) or biotic

(e.g. herbivore pests attacks, anecrotrophic fungi and pathogen infection). As they are

unable to move, plants have developed complicated mechanisms to cope with different

stresses, including physiological, transcriptomic and metabolic adaptations. Cytosolic

Ca2+ concentration is often rapidly elevated in response to many abiotic stresses, e.g.

cold/heat, salt, drought, mechanical stimuli (touch and wind), ozone, hypoxia, osmotic and

oxidative stresses (Reddy et al., 2011). Cross-talk between plant hormones, i.e. abscisic

acid (ABA), ethylene, cytokinins, brassinosteroids and auxins, plays a crucial role in plants’

tolerance to abiotic stresses through either synergistic or antagonistic interactions (Peleg

and Blumwald, 2011). The concentration of γ-aminobutyric acid, GABA, a four carbon

nonproteinogenic amino acid, is in fact accumulated in response to a variety of biotic and

abiotic stresses, and the induced GABA fold-change in some of the stresses is shown in

Table 1.1.

GABA has been hypothesized to be involved in cytosolic pH regulation, carbon and

nitrogen metabolism and protection against biotic and abiotic stress (Fait et al., 2005; Al-

Quraan and Al-Omari, 2017). Its concentration increases in plant tissue has been shown to

restrict the spread of fungi and against pathogen/insect attacks on plants such as Botrytis,

larvae of Spodoptera littoralis and Choristoneura rosaceana (Seifi et al., 2013; Bown et al.,

2006). GABA is thought to mitigate stress via up-regulating antioxidant defense systems to

scavenge reactive oxygen species (ROS), which includes free radicals (superoxide anion O•−
2 ,

hydroxyl radical •OH) and non-radical molecules (hydrogen peroxide H2O2, single oxygen

O2) (Ramos-Ruiz et al., 2019). In addition to its metabolic role relating to Carbon:Nitrogen

(C:N) reconfiguration, GABA is also hypothesized to act as an endogenous signalling

molecule regulating plant growth and development under normal and stress conditions

(Bouché and Fromm, 2004; Shelp and Zarei, 2017; Ramesh et al., 2015). Using available

1



Arabidopsis RNA-seq data, Biniaz et al. (2022) reported that most transcriptomic changes

induced by the two classes of stress (abiotic and biotic) do not overlap; they found only

21 differentially expressed genes were shared between abiotic (drought, heat, salt) and

biotic stress and the majority were transcription factors (TFs), which are sequence-specific

DNA-binding proteins that contain one or more specific DNA-binding domains and regulate

gene transcription (Latchman, 1997). However, one of the most common natural hazards,

floods, were not included in their analysis. Plants face multiple biotic and abiotic stresses

during flooding and afterwards (during the recovery period), e.g. lower oxygen and light,

higher risk of insect and pathogen attack (Tamang and Fukao, 2015). There have been

many studies examining transcriptomic, metabolomic responses during flooding (Mustroph

et al., 2009; Wang et al., 2021b; Meng et al., 2020), and one of the major responses of the

plant is an increase in GABA concentration, however the significance of this is not fully

understood. In this study the transcriptomic changes in a collection of GABA mutants

that were exposed under flooding stress were specifically examined. In order to illustrate

how GABA might contribute to plants coping with abiotic stress, GABA metabolism in

plants is reviewed in the following section.

Table 1.1: Stress-related GABA accumulation in plants

Stress
Plant GABA

Age (Time stressed) Reference
Species Tissue fold-change

Salinity Arabidopsis plantlets 1.5-4 10d (2-8d) Renault et al. (2010)
Arabidopsis Roots 1.5 10d (4d) Renault et al. (2010)
Arabidopsis Leaves 2.0 5w (2d) Zarei et al. (2016)
Tomato Leaves 1.5-1.3 4 true leaf (2-4d) Wu et al. (2020)
Soybean Roots 11-17 2w (6d) Xing et al. (2007)
Wheat Leaves 3-7 2w (10d) Al-Quraan and Al-Omari (2017)

Hypoxia Arabidopsis Leaves 1-12 3-4w (2, 4, 6h) Allan et al. (2012)
Leaves 2.5-6 4w (0-4h) Breitkreuz et al. (2003)

Anoxia Tea Leaves 20 14d (11h) Liao et al. (2017)
Fava bean Sprouts 2.21 5d Yang et al. (2013)

Cotyledons 1.57 5d Yang et al. (2013)
Embryo 8.26 5d Yang et al. (2013)

Hypoxia + Cold Soybean Seeds 7.2 24h (0-18h) Yang et al. (2015)
Cadmium Tomato Leaves 1.2-1.9 10d (7d) Chaffei et al. (2004)

Tomato Leaves 1.5 116d (90d) Hediji et al. (2010)

1.1 GABA metabolism in plants

GABA biosynthesis mainly occurs via two pathways using either glutamate or polyamines

as the precursor, being converted to GABA via glutamate decarboxylase (GAD) in the

cytosol and diamine oxidases (DAO) in the peroxisome in the GABA-shunt and polyamine

pathway, respectively (Fig 1.1) (Podlešáková et al., 2019; Shelp et al., 2021).
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1.1.1 The GABA-shunt pathway

The GABA-shunt was first reported in potato (Solanum tuberosum) by Dent et al. (1947),

and it is the major GABA producing pathway in plants (Shelp et al., 2017). It is composed

of three enzymes (Fig 1.1): glutamate decarboxylase (GAD), GABA transaminase (GABA-

T) and succinic semialdehyde dehydrogenase (SSADH). It is called the GABA-shunt

because it bypasses two steps of the mitochondrial-based citric acid cycle / tricarboxcylic

acid cycle (TCA cycle), catalysed by two enzymes sensitive to oxidative stress. They are

2-oxoglutarate dehydrogenase (2-OGDH) that converts α-ketoglutarate/2-OG to succinyl-

CoA, and succinyl-CoA synthetase which converts succinyl-CoA to succinate (Bouché

and Fromm, 2004). During H2O2-induced oxidative stress, the inhibition of 2-OGDH is

critical for limiting NADH production, a major respiratory energy substrate. Therefore,

the GABA-shunt can partially restore the impaired respiratory processes under stress

conditions and help alleviate oxidative injury in plants (Song et al., 2010).

The TCA cycle intermediate 2-oxoglutarate (2-OG) is a precursor for the GABA-shunt.

2-OG is converted to glutamate (Glu) by glutamate dehydrogenase (GDH), and Glu can

be transported from the mitochondria to cytosol directly by the uncoupling protein (UCP)

where it enters the GABA shunt pathway (Fig 1.1). Alternatively, 2-OG/malate transloca-

tor (OMT) can transport mitochondrial 2-OG to the cytoplasm, where alanine/aspartate

aminotransferase (AspAT/AlaAT) catalyses 2-OG into Glu, which enters the GABA shunt

pathway (Fig 1.1).

Glutamate decarboxylase. As the first step of the GABA shunt, GABA is synthesized

from the irreversible cytosolic decarboxylation of Glu - catalysed by glutamate decar-

boxylase (GAD), which also produces CO2. This is a proton consuming reaction, and

it reduces the weak acid content and increases pH (Gibbs and Greenway, 2003). Plant

GADs contain a calmodulin (CaM) binding domain (CaM-BD) which is comprised of

22-25 amino acids at the C-terminal end; Ca2+ ions can complex with CaM to activate the

enzyme at neutral pH and maximally activate GADs at pH 5.8 (Shelp et al., 2012). Under

abiotic or biotic stress, plant cytosolic H+ and/or Ca2+ concentrations usually increase,

and both mechanisms can stimulate GAD activity and thus result in GABA accumulation

(Snedden et al., 1995, 1996; Shelp et al., 2017). Arabidopsis has five genes encoding GADs,

among which only GAD1, GAD2 and GAD4 has a C-terminal CaM-BD while in silico

analysis suggests that GAD3 and GAD5 proteins are CaM independent (Shelp and Zarei,

2017). GAD1 is predominantly expressed in roots, GAD2 is constitutively expressed in all

organs, while expression of GAD3, GAD4, GAD5 is generally weak in all organs (Bouché

and Fromm, 2004; Zik et al., 1998).

GABA transaminase. GABA is transported back from the cytosol to mitochondria
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Figure 1.1: GABA metabolism and signalling model in Arabidopsis. The black ovals represent
important GABA shunt metabolites. The blue ovals represent transporters either in the GABA
shunt, or linked to the GABA shunt through other pathways/organelles, or potentially link
the TCA cycle back to the GABA shunt. The other important metabolites in TCA cycle
metabolites and GS-GOGAT cycle were pink or green ovals, respectively. All enzymes are in
purple and those with orange ovals are involved in amino acid metabolism. Dashed lines refer
to processes lacking convincing experimental support. Abbreviations: ABAL, 4-aminobutanal;
Ac-CoA, acetyle-CoA; Ala, alanine; AlaAT, alanine aminotransferase; ALDH10A9, aldehyde
dehydrogenase family 10; ALMT, aluminum-activated malate transporter; ASN, asparagine
synthase/synthetase; Asp, aspartate; AspAT: aspartate:2-oxoglutarate aminotransferase; CAT,
catonic amino acid transporter; Cit, citrate; CuAO, copper amino oxidase; DIT, dicarboxy-
late transporter; GABA, γ-aminobutyric acid; GABA-T, GABA-transaminase; GABP, GABA
permease; GAD, glutamate decarboxylase; GAT, GABA transporter; GDH, glutamate dehy-
drogenase; GHB, γ-hydroxybutyric acid; Gln, glutamine; Glu, glutamate; Glx, gloxylate; Gly,
glycine; GOGAT, glutamate synthase; GORK, guard cell outward rectifying K+ channel; GS,
glutamine synthetase (GLN); GSA, L-glutamate 5-semialdehyde; OAA, oxaloacetate; 2-OG,
2-oxoglutarate; OMT, 2-oxoglutarate/malate translocator; P5C, ∆-1-pyrroline-5-carboxylate;
PAO, polyamine oxidase; Pro, proline; ProT, proline transporter; Put, putrescine; Pyr, pyruvate;
Spd, spermidine; SPDS, spermidine synthase; Spm, spermine; SPMS, spermine synthase; Suc,
succinate; SSA, succinic semialdehyde; SSADH, succinic semialdehyde dehydrogenase; SSR,
succinic semialdehyde reductase; UCP, uncoupling protein; 1, P5C synthetase (P5CS); 2, P5C
reductase (P5CR); 3, spontaneous decarboxylation of proline to pyrrolidin−1-yl, which is easily
converted ∆-1-pyrroline/ABAL and then GABA via aldehyde dehydrogenase (ALDH10A8);
4, urea cycle; 5, arginine decarboxylase (ADC); 6, CuAO and ALDH10A8. Model generated
through Biorender (https://biorender.com). Own work based on Podlešáková et al. (2019)
and Shelp et al. (2021).
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by a mitochondrial-located GABA permease (GABP), linking the TCA cycle and GABA

shunt (Michaeli et al., 2011). This is an important process to ensure proper GABA-

mediated respiration and carbon metabolism, especially for plant growth upon limited

carbon availability (Michaeli et al., 2011). In mitochondria, GABA is converted to succinic

semialdehyde (SSA) by the mitochondrial GABA transaminase (GABA-T) using 2-OG

(GABA-TK) or pyruvate (GABA-TP) as an amino acid acceptor, producing Glu and

alanine (Ala), respectively (Bouché and Fromm, 2004). This last step of the GABA shunt

provides both succinate and NADH to the respiratory chain. Since part of the Glu recycled

by GABA-TK would subsequently feed back into the GABA shunt, the former seems to

provide a futile cycle. However, this might contribute to maintain GABA/Glutamate

balance in mitochondria. Assays of Arabidopsis wildtype and knockout mutants by Clark

et al. (2009) confirmed that GABA-TP can also utilize glyoxylate but not 2-OG as amino

acceptors, to produce glycine, therefore its activity is not dependent upon 2-OG. However,

the pyruvate-dependent reaction is reversible, but the glyoxylate-dependent reaction is

irreversible. Unlike other plants, Arabidopsis genome contains only one GABA-T gene

(AT3G22200).

Succinic semialdehyde dehydrogenase. As the ultimate enzyme of the GABA-

shunt pathway, succinic semialdehyde dehydrogenase (SSADH) oxidises SSA to succinate,

generating NADH and a hydrogen. Both succinate and NADH are electron donors to

the mitochondrial electron transport chain (mETC) which finally produces ATP. There

is only one SSADH in Arabidopsis and tomato, whose activity can be inhibited by ATP

and NADH (Shelp et al., 2017). Alternatively, SSA can be reduced to γ-hydroxybutyrate

(GHB) via SSA reductase (SSR). SSR is also known as glyoxylate reductase (GLYR)

as it catalyses the reduction of glyoxylate to glycolate via NADPH-dependent reactions.

There are two isoforms of GLYR proteins in Arabidopsis, GLYR1 and GLYR2, present in

cytosol and chloroplast, respectively (Simpson et al., 2008; Hoover et al., 2007). Under

stress, accumulated GABA is not necessarily converted into succinate by SSADH, as

the enzyme has restricted activity due to stress-induced increase of redox potential, this

means the accumulation of SSA can result in feedback inhibition of GABA-T (Podlešáková

et al., 2019). Allan et al. (2008) found stress-induced GHB co-occurred with higher

NADPH/NADP(+) ratio, increased GABA and alanine levels, and decreased glutamate

levels. They also observed enhanced expression of SSR1 under salt, drought, submergence,

cold and heat stress, and SSR2 under cold and heat stress.

1.1.2 The Polyamine pathway

The other pathway for GABA production is through polyamine catabolism which also

contributes to stress-induced GABA accumulation. FAD-dependent polyamine oxidase

(PAO) catalyses spermidine (Spd) and spermine (Spm) production which finally produces
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putrescine (Put) (Rossi et al., 2021). Put can be degraded into 4-aminobutanal (4-ABAL)

by copper-containing diamine oxidase (DAO) named CuAO, which can also catalyse

the conversion of 1,3-diaminopropane to 3-aminopropanal (3-APAL) (Shelp and Zarei,

2017). A further oxidation of 3-APAL and 4-ABAL by NAD+-dependent aminoaldehyde

dehydrogenases (AMADHs) lead to the biosynthesis of β-alanine and GABA, respectively

(Zarei et al., 2016). Arabidopsis has two cytoplasmic located PAOs (AtPAO1 and AtPAO5)

and three peroxisome located PAOs (AtPAO2, AtPAO3, and AtPAO4). Several studies

showed that salinity-, hypoxia- and anoxia-induced accumulation of GABA is reduced

by 39%, 32% and 25% by aminoguanidine, a diamine oxidase inhibitor that represses the

production of Put (Xing et al., 2007; Yang et al., 2013; Liao et al., 2017). The PAO protein

is localised in the nucleus, cytoplasm, and cell wall of the guard cells, it is a source of

H2O2 generation in Arabidopsis guard cells and plays crucial roles in regulating stomatal

movement (HOU et al., 2013).

The synthesis of polyamines (PAs) in plants starts from the decarboxylation of either

ornithine (Orn) by Orn decarboxylase (ODC), or arginine (Arg) by Arg decarboxylase

(ADC), respectively. As summarised by Patel et al. (2017), ODC directly converts Orn to

Put, while ADC converts Arg to agmatine, and Put is finally produced with two additional

enzymes, agmatine iminohydrolase (AIH) and N-carbamoyl putrescine aminohydrolase

(NLP1). Based on the correlation of between increased ADC2 expression and increased

ARGAH2 expression in response to various stresses (drought, oxidative stress, wounding,

and external application of methyl jasmonate), Patel et al. (2017) also proposed a third

plastid pathway for Put biosynthesis. Instead of being exported to the cytoplasm for

conversion to Put by AIH and NLP1, agmatine was produced by ADC2 in the plastid and

converted to Put by ARGA in the chloroplast. Arabidopsis is the only plant lacking ODC

activity and therefore restricts PAs biosynthesis to the ADC pathway, and it has two genes

encoding ADCs, i.e. ADC1 and ADC2 (Hanfrey et al., 2001). The proper function of ADC

is important as double mutants of both AtADC genes shows a defect in seed development

(Urano et al., 2005). Rossi et al. (2021) showed that salicylic acid (SA) could modulate PA

metabolism during plant-pathogen interactions and induce Put accumulation by increased

biosynthesis (ADC pathway which uses Arg) and decreased catabolism (oxidased by CuAO).

1.2 The role of GABA under abiotic stress

GABA is proposed to function as a metabolite and as a component of signalling pathways

in the process of plants coping with different environmental conditions (Gilliham and

Tyerman, 2016). For example, GABA is proposed to act as an effective osmolyte and

scavenger of ROS under water stress (Liu et al., 2011). From the previous section, it
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is clearly shown that GABA metabolism is closely related to amino acid and carbon

metabolism. GABA may also play a key role in plants’ acclimation to combined stresses

e.g. high light and heat, potentially by promoting autophagy; GABA, together with another

six metabolites (rhamnose, glycerol, succinate, gluconic acid, arginine and tyrosine), only

accumulated in plants subjected to both types of stress but not when individual stresses

were applied (Balfagón et al., 2022).

1.2.1 Exogenous GABA alleviates abiotic stresses

Exogenous application of GABA had been reported to enhance the tolerance to various

abiotic stresses in plants, likely through affecting GABA metabolism, plant hormones

biosynthesis, reactive oxygen species detoxification, and carbon and nitrogen metabolism

(Barbosa et al., 2010; Hijaz and Killiny, 2019). For example, GABA-treated creeping

bentgrass showed a significantly better recovery from 9 d drought stress than non-treated

plants (Li et al., 2016b); exogenous GABA alleviated alkaline stress in Malus hupehensis by

regulating the accumulation of organic acids (Li et al., 2020); exogenous GABA has been

proposed to alleviate stress-induced oxidative damage (due to H+, Al3+ accumulation) by

promoting activities of antioxidant enzymes and reducing carbonylated proteins caused by

ROS (Song et al., 2010). In addition, Garg et al. (2017) found exogenous application of

GABA to stressed plants increased levels of endogenous GABA and several other amino

acids: glutamate (Glu), aspartate (Asp), threonine (Thr), serine (Ser), alanine (Ala), and

valine (Val). GABA’s impact on physiology can occur through multiple routes including:

(i) regulation of stomata movement (Xu et al., 2021) and maintenance of photosynthesis

(Li et al., 2016a); (ii) modulation of polyamine biosynthesis and degradation (Wang et al.,

2014); (iii) enhanced redox balance and capacity of antioxidant and ROS scavenging (Ma

et al., 2018; Jin et al., 2019); (iv) regulatory roles for H2O2 and ethylene (Shi et al.,

2010), and (v) promotion of the activity of GABA-shunt pathway which results in an

increased endogenous GABA, succinate and fumarate (Carillo, 2018; Hijaz and Killiny,

2019), providing ATP and energy for plants through the TCA cycle.

Exogenous GABA treatment also affects metabolism of plants under non-stressed con-

ditions. Compared to non-treated citrus leaves, exogenously applied GABA induced

higher expression of GABA-T, SSADH, and mitochondrial TCA cycle regulatory genes

malate dehydrogenase (MDH) and succinic dehydrogenase (SDH ), indicating increased

GABA shunt capability and conversion of GABA to succinate as well as an induction of

respiration in these plants (Hijaz et al., 2018). At the same time, exogenously applied

GABA also increased concentrations of endogenous GABA, plant hormones (salicylic acid,

jasmonic acid, indole acetic acid and ABA), amino acids (Gly, Ala, Pro, Asn and Gln) and

organic acids (benzoic acid, cinnamic acid, indole propionic acid), suggesting a significant

metabolism change in GABA-treated plants (Hijaz et al., 2018). Similarly, immersing
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citrus petioles in 10 mM GABA for 2 weeks resulted in elevated levels of endogenous

GABA, succinic acid and fumaric acid in leaf blades, supporting the idea that exogenous

GABA was metabolized to succinate and fed back into the TCA cycle (Hijaz and Killiny,

2019). However, 10 mM is a relatively high GABA concentration, which could potentially

induce osmotic stress, and 2 weeks is a rather long time, so the increased metabolites could

be a response to both osmotic stress acclimation and GABA application in combination.

GABA treatment increases the content of free PAs and improves stress tolerance of plants.

Ferreira et al. (2019) showed PAs were involved in GABA-regulated salinity-alkalinity

stress tolerance in muskmelon plants. Their pre-application of GABA reduced the Na+/K+

ratio in stressed plants compared to control plants, resulting in decreased membrane lipid

peroxidation and stress tolerance. Higher expression of PA-related genes and elevated

levels of Arg, Met and free PA content were also observed in GABA-treated plants under

stress conditions.

1.2.2 Carbon cycle and nitrogen balance related to GABA metabolism

GABA accumulation is part of the stress-responsive C:N network and various signalling

pathways, and stress-induced GABA may help plants conserve cellular carbon (Shelp et al.,

2012; Gilliham and Tyerman, 2016). This section will focus on metabolic processes that

are closely related to GABA, as in this thesis some genes and metabolites involved in these

pathways will be examined to elucidate how Arabidopsis GABA mutants with an altered

GABA shunt efficiency cope with submergence.

1.2.2.1 Glutamate metabolism

Glutamate, the precursor of GABA biosynthesis, plays a central role in plant C:N

metabolism. Glu is not only a substrate for the synthesis of GABA, but also Gln,

Arg, Pro, Orn and 2-OG (Forde and Lea, 2007). Glutamate (Glu) is produced from

glutamine (Gln), 2-OG, ∆-1-pyrroline-5-carboxylate dehydrogenase (P5C) by glutamine-

dependent glutamate synthase 1, alanine or aspartate aminotransferase (AspAT, AlaAT),

and P5C dehydrogenase P5CDH, respectively. Glutamate synthase 1 is also known as

glutamine:2-oxoglutarate aminotransferase (GOGAT). The reaction requires 2-OG and is

reductant-driven, eventually transferring the amide amino group of Gln to 2-OG to yield

two molecules of Glu. Two forms of GOGAT exists in plants, one is ferredoxin-dependent

(GLU1; Fe-GOGAT) and the other is NADH-dependent (GLT1; NADH-GOGAT) (Fontaine

et al., 2012). GLU1/Fe-GOGAT is able to utilise light directly as a supply of reductant

and is normally present in high activities in the chloroplast of photosynthetic tissues, while

GLT1/NADH-GOGAT is also present in plastids but mostly in non-photosynthetic cells

(Forde and Lea, 2007).
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Gln is synthesised from Glu and ammonia by ATP-dependent glutamine synthetase (GLN;

GS), while GDH catalizes Glu to 2-OG and ammonia. GDH and GLN1 are both nitrogen

(N) mobilisation- and senescence-associated genes, with Pro and Glu being the main

inducers of their expression, respectively. Arabidopsis has five cytosolic GS1 isoenzymes

designated as GLN1.1 to GLN1.5, and one chloroplastic/mitochondrial GS2 (i.e. GLN2).

Three GLN1 encoding genes, i.e. GLN1.1 to GLN1.3, mainly contribute to nitrogen

re-mobilisation and seed yield (Moison et al., 2018). Although the Arabidopsis GLN2

encodes dual-targeted GLN, the net ammonia assimilation occurs mainly in the chloroplast,

where GLU1 activity requires 2-OG (Hirel and Lea, 2002).

As shown in Fig 1.1 Glutamine synthetase (GS) and glutamate synthase (GOGAT) are the

two enzymes in the GS/GOGAT cycle (Hodges, 2002). Serine produced in mitochondria

during photorespiration catalysed by the glycine decarboxylase (GDC) is a major source

of ammonium, which is rapidly assimilated into non-toxic organic compounds almost

exclusively through the plastidal GS/GOGAT pathway/cycle and further into amino

acids and proteins (Hodges, 2002). After 7 d dark treatment, gdh1-2-3 triple mutant had

significantly lower leaf 2-OG and ammonium and root organic acids (2-OG, malate, citrate,

nitrate) than WT plants, but largely accumulated Ala, Asp and GABA in both tissues

(Fontaine et al., 2012). Gln was reduced in the triple mutant, but Glu increased at 3d and

eventually dropped. Therefore, the NADH-dependent GDH functions mainly in providing

2-OG for the TCA cycle, and the gdh1-2-3 mutant activated GABA shunt in the roots to

compensate for its lack of GDH.

1.2.2.2 Arginine and proline metabolism

Two enzymes, arginine decarboxylase (ADC) and arginase (ARGA), can both catalyse

arginine degradation. ADC converts Arg into CO2 and agmatine in the cytosol and chloro-

plast, and is also a rate-limiting enzyme, as the first enzyme, in PAs synthesis (see previous

section Polyamine pathway 1.1.2 ) (Hanfrey et al., 2001). ADC2 is stress inducible and is

required for accumulation of putrescine in salt tolerance (Urano et al., 2004). ARGAH1

and ARGAH2 converts Arg into Orn and urea, which takes place in mitochondrion,

cytosol, peroxisome and chloroplast. The mitochondrial δ-ornithine aminotransferase

(OAT) converts Orn to L-glutamate 5-semialdehyde (GSA), which spontaneously cyclizes

to δ-1-pyrroline-5-carboxylate (P5C), and P5C is either further reduced to Pro by P5C

reductase (P5CR) or oxidased to Glu (Krasensky and Jonak, 2012).

Proline (Pro) also accumulates under stresses and its biosynthesis takes place in cytosol

(and potentially in plastids of stressed plants) while its degradation is a mitochondrial

oxidative process (Kovács et al., 2019). As mentioned above, Orn pathway contributes

to osmotic stress-induced Pro accumulation (Funck et al., 2008). Glutamate (Glu), a
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common precursor for the synthesis of GABA and Pro, is the main biosynthetic pathway

of Pro which consists of two consecutive steps: (i) the rate-limiting enzyme δ-1-pyrroline-5-

carboxylate synthetase (P5CS) catalyses Glu to glutamate-5-semialdehyde (GSA), which

spontaneously cyclizes to P5C; (ii) P5C is then reduced to Pro by P5C reductace (P5CR)

in a NADPH dependent reaction (Delauney and Verma, 1993). The two Arabidopsis

P5CS enzymes perform non-redundant functions: P5CS1 plays a role in responses to

hyperosmotic stress and is regulated by ABA signals, whereas P5CS2 is considered to

be a housekeeping gene and is induced by pathogens via salicylic acid-dependent signals

(Kovács et al., 2019). For Arabidopsis plants under salinity, both Orn and Glu pathways

collectively play important roles in Pro accumulation in young plantlets (12 d), but in

older plants (28 d) the increased Pro was mainly due to enzymes in Glu pathway (Roosens

et al., 1998). Although Glu can produce both Pro and GABA, Liu et al. (2011) studied

excised tobacco leaves during a 16-hour dehydration and reported that Glu metabolic

flux to produce GABA is dominant with a significantly higher scavenging ability for O•−
2 ,

H2O2, and
1O2 than that of Pro.

1.2.3 Disturbed GABA metabolism affects plants’ acclimation

to stresses

Plants with disturbed GABA metabolism, e.g. knockout of one or more genes in the

GABA shunt (Section 1.1.1) or polyamine pathway (Section 1.1.2), showed different stress

responses in various studies.

GABA-T is involved in C:N metabolism during the plant development process, and lack

of its function affects GABA catabolism and stress tolerance. Jalil et al. (2017) suggested

GABA-T participated in controlling the onset of leaf senescence of plants during stress

conditions. They studied two GABA-T lines of Arabidopsis Landsberg (Ler) ecotype, i.e.

pop2-1 and pop2-3 under various stresses by inducing dark, cold, wounding, dehydration,

osmotic and oxidative stresses to detached leaves, and both mutants showed early leaf

senescence during various these conditions. The two GABA-T mutants had decreased

photosynthesis efficiency, GABA and chlorophyll content, and GABA-T and GAD activity,

but increased membrane ion leakage and malondialdehyde (MDA) content than wild type.

As the final enzyme in the GABA shunt pathway (Fig 1.1), SSADH plays an important

role in preventing ROS accumulation and cell death, both of which appears to be essential

for plants under stress conditions. The Arabidopsis ssadh (T-DNA knockout) mutants had

a higher accumulation of ROS which was associated with dwarfism and hypersensitivity to

light (especially UV-B) and heat stress, and contain five times higher GHB, whose level

in Arabidopsis is light dependent; however, when mutants were treated with a specific

GABA-T inhibitor, γ-vinyl-γ-aminobutyrate, ROS and GHB accumulation as well as cell
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death were inhibited, and plant growth was improved (Bouché et al., 2003; Fait et al.,

2005). This could be when GABA production through GABA-T is blocked, the ssadh

mutants accumulated less toxic SSA. Therefore, under adverse conditions which inhibit

the TCA cycle, impair respiration, and enhance the accumulation of ROS, maintaining

the ability of the GABA shunt to supply NADH and/or succinate to the TCA cycle is

critical to decrease aldehydes. Another study using Arabidopsis ssadh, pop2 and ssadh

pop2 double mutants, confirmed that the second GABA-T mutation was able to suppress

the severe phenotypes of ssadh plants, and only ssadh accumulated peroxides; compared

to wild type, the double mutant also showed higher sensitivity to exogenous SSA or

GHB treatment, suggesting the oxidative stress and retardated growth of ssadh plants is

not due to lack of succinate and NADH supply to the TCA cycle, but rather due to ele-

vated levels of toxic GABA-T downstream product SSA and/or GHB (Ludewig et al., 2008).

Mutants with impaired polyamine pathway also showed altered stress responses. The

Arabidopsis ALDH10A8 and ALDH10A9 are two isoforms of ALDH enzymes, and they

are located in the plastid and peroxisome, respectively. A recent study on aldehyde

dehydrogenase (ALDH) genes aldh10a8 and aldh10a9 knockout mutants showed that

GABA concentration in Arabidopsis was not changed under control conditions, however,

all the mutants accumulated significantly less GABA (only 50% of the GABA content

induced in WT) in response to 2d salt treatment; interestingly, β-alanine accumulation

under salinity was not severely inhibited in the mutants (Zarei et al., 2016). Sagor et al.

(2016) studied Arabidopsis single and double pao mutants under salinity and drought.

They found that all five single mutants and pao2 pao4 double mutant exhibit WT-like

responses to high salinity (14 d on media contains 100 mM NaCl), but pao1 pao5 which

lost cytoplasmic PAO activity was less sensitive than WT. This salt tolerance phenotype

was further confirmed when they used a range of NaCl concentrations, as pao1 pao5 had

significantly longer main roots than WT when grown on 50 to 100 mM NaCl. It was

concluded that pao1 pao5 had increased tolerance to both abiotic stresses due to reducing

ROS production and activating subsets of defense-related genes.

1.2.4 GABA plays a signalling role

GABA may not just act as a stress-related metabolite, it may regulate gene expression

in Arabidopsis. For example, GABA down-regulates the expression of 14-3-3 gene family

members in a Ca2+, ethylene- and ABA-dependent manner (Lancien and Roberts, 2006).

GABA is also proposed to play a signalling role in long-distance nitrate transport, sup-

ported by the evidence that exogenous GABA regulates nitrate uptake and utilisation in

the roots of Arabidopsis (Barbosa et al., 2010) and canola (Beuve et al., 2004). Therefore,

GABA could possibly function beyond the role as a nitrogen source, modulating enzymes

activity as a signalling molecule. During changing environmental conditions, the regulation
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of intracellular pH and ion concentration through membrane transport systems is crucial for

plants to maintain pH and ion homeostasis as well as to form an electrochemical potential

across the plasma membrane. The Aluminum-activated Malate Transporters (ALMTs),

which contains a 12 amino acid residue putative GABA biding motif, were proposed to be a

plant GABA receptor (Ramesh et al., 2015). This is the first evidence that GABA directly

acts as a plant GABA signalling with ion channel modulation, suggesting GABA’s role

beyond its effects on C:N metabolism in modulating plant growth and stress adaptation in

plants. As shown in Fig 1.1, transporters likely involved in GABA metabolism are ALMTs,

guard cell outward rectifying K+ (GORK), GABA transporter (GAT), and dicarboxylate

transporter (DITs).

Accumulated GABA can improve aluminum, drought and hypoxia tolerance of plants

by regulating the activity of ALMTs and the GORK channel, respectively (Shelp et al.,

2021). GABA acts as an inhibitory neurotransmitter in mammalian nerve terminals, via

its activation of two GABA receptors: ionotropic GABAA and metabotropic GABAB,

respectively (Bloom and Iversen, 1971). However, in plants, GABA inhibits ALMT activity.

Nonetheless in both animal and plant kingdoms, GABA-regulated anion flux leads to a

relative hyperpolarised state of the cells (Žárskỳ, 2015). Ramesh et al. (2015) found that

low pH and increased aluminum (Al3+) concentration reduced root GABA but increased

malate efflux in wheat via ALMT1, which is plasma membrane located; however, root

GABA concentration is high and malate efflux is low in the absence of Al3+, and exoge-

nous GABA application to roots also reduced malate efflux and root tolerance to Al3+.

Batushansky et al. (2015) exposed Arabidopsis ecotype Wassilewskija wild type (WS)

and gat1 seedlings to exogenous GABA (0.5 and 1 mM), and measured the growth and

metabolic profiles in different media (low C, low N). Their results suggested that GABA

possibly mediated C:N metabolism through the ALMT.

As the focus of this thesis is understanding the role of GABA in salinity and hypoxia

response, as well as the role of the histidine residue in the putative GABA-binding motif

in ion transport and pH sensitivity, more detailed review regarding these subjects are

explored in the following sections.

1.3 Salinity and GABA

Salinity is a common abiotic stress that plants can face, which inhibits their growth and

reduces yield through osmotic stress (short-term) and toxic effects of ions (long-term)

(Munns and Termaat, 1986). In saline soils, lowered osmotic potential due to sodium (Na+)

and chloride (Cl−) accumulation results in decreased water and nutrient availability, in-

creased lipid peroxidation, altered metabolic and photosynthetic activity in plants (Munns
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et al., 2006; Deinlein et al., 2014). At mild to moderate stress levels, salt mainly limits

photosynthesis by affecting CO2 diffusion (due to a decrease in mesophyll and stomatal

conductance) rather than directly impacting CO2 assimilation machinery (Flexas et al.,

2004). Turgor generation and cell-wall properties can also be affected by salinity, restricting

cell expansion, root and leaf development (Taleisnik et al., 2009). In order to maintain

growth and avoid toxicity, plants generally cope with salinity through increased osmotic

adjustment and tolerance, Na+ and Cl− exclusion, Na+ and Cl− compartmentalisation at

cellular and intracellular level (Munns and Tester, 2008).

In addition, oxidative stress, which is mediated by reactive oxygen species (ROS), accompa-

nies salinity as a secondary stress. Although highly reactive and can cause damage to plant

cells, ROS are also signalling molecules at low concentrations and are involved in regulating

germination, transpiration, defense response, cell death and plant growth (Lindermayr and

Durner, 2015). They also have a pivotal role for root growth and development (Yamada

et al., 2018; Zeng et al., 2017; Yu et al., 2016), including lateral root formation (Biswas

et al., 2019). ROS scavenging enzymes includes catalase (CAT), superoxide dismutase

(SOD), peroxidase (POD), ascorbate peroxidase (APX). These ROS scavengers accumulate

under multiple stresses including salinity and help plants cope with adverse environments.

Ca2+ signalling is reported to be the predominant response in plant cells, and plants

under salinity also experience metabolic reprogramming (e.g. amino acids metabolism)

and phytohormone regulation, in order to survive (Köster et al., 2018). For example,

cytokinins and auxins act antagonistically to control lateral root initiation, with cytokinins

inhibiting and auxins stimulating cell division (Coenen and Lomax, 1997). Light-grown

garden pea double mutants (phyA phyB) produce more ethylene than WT, and have many

severe defects (distorted short thick internodes, reduced leaf expansion, and decreased

chlorophyll content and CAB gene transcription), which can be rescued by treating the

mutant with an ethylene biosynthesis inhibitor “aminoethoxy vinylglycine” (Foo et al.,

2006). This suggests the role of phytochromes in regulating ethylene concentrations under

light to prevent ethylene’s inhibitory effects on vegetative growth. This elevated ethylene

is not related to the other hormones (IAA, BR), unlike in other studies, but due to an

interaction with GA.

1.3.1 GABA alleviates salt stress

As GAD activity can be stimulated by increased Ca2+ concentration, GABA accumulates

rapidly in stressed plants and an increasing amount of research has shown that GABA

plays a role in plant stress tolerance, linking the GABA shunt to mitochondrial respiration.

Salt stress inhibits mitochondrial respiration and promotes GABA shunt activity, which

provides an alternative carbon source for mitochondrial respiration as it bypasses some of
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the salt-sensitive enzymes of the TCA cycle. For more details on GABA metabolism and

signalling, see the previous Section 1.1 of this chapter.

GABA alleviates salt-induced harmful effects as an osmolyte on its own, and it also

enhances antioxidant system and scavenges ROS. For example, Che-Othman et al. (2020)

and Bao et al. (2015) studied salt stressed wheat and tomato, respectively, and reported

that both species accumulated GABA (one fold increase) and had increased GAD activity.

In addition, tomato plants exposed to 200 mM NaCl for 5 d also had 25% decrease in

succinate content. The salt treated wheat leaves experienced higher respiration rate and

extensive metabolite changes, with elevated concentration of succinate, 2-OG, Glu and Gln,

but reduced activity and abundance of pyruvate dehydrogenase (PDH) and 2-oxoglutarate

dehydrogenase (2-OGDH) as well as TCA cycle organic acids (citrate, aconitate, fumarate

and malate). Therefore, the researchers concluded that: (i) salinity promoted a shift of

wheat mitochondrial respiration from the TCA cycle to the GABA shunt, with the latter

accounting for an approximate 20% increase in the transpiration rate of stressed leaves,

despite of lower PDH and PDC oxidation; and (ii) the glutamate synthase, i.e. either

Ferredoxin-dependent or NADH-dependent glutamine:2-OG amidotransferase (Fe-GOGAT

or NADH-GOGAT), and glutamate dehydrogenase (GDH), are likely to be indicating N

assimilation into Glu under salinity.

GABA could also contribute to a plants’ ability to cope with salinity through regu-

lating other metabolic pathways (ABA, ethylene, flavonoid) and transcription factors

TFs. Shi et al. (2010) found that H2O2, putrescine and ethylene producing genes, e.g.

NADPH oxidase, amine oxidase, ACC oxidase, were up-regulated at the mRNA level

by 10 mM GABA within 24 hours under 300 mM NaCl, although H2O2 accumulation

in both roots and leaves were inhibited. The reason could be that as a second messen-

ger, H2O2 actively participates in signal transduction pathways, e.g. ABA signalling

(Kwak et al., 2003). Arabidopsis salt-stressed plantlets had elevated GABA concentra-

tions, which are associated with inducible co-expression of TFs (WRKY28, WRKY30,

WRKY40, MYB2, MYB25, MYB108 ), CaM37, ALMT2 and GAD4 (Zarei et al., 2017).

A soybean WRKY (GmWRKY16 ) enhances salt and drought tolerance of transgenic

Arabidopsis plants through an ABA-mediated pathway (Ma et al., 2019). Under salinity,

salt-related MYB1(SRM1) negatively affects Arabidopsis seed germination and seedling

survival through regulating the content of the stress hormone abscisic acid (ABA) (Wang

et al., 2015). SRM1 can directly activate the expression of NCED3/STO1 (key ABA

biosynthetic gene) and two prominent stress integrators (RD26 and ANAC019 ). Xie et al.

(2019) studied salt-stressed poplar with either inhibition of 2-OGDH) activity or exogenous

GABA application, and found that the expression of flavonoid biosynthetic genes as well

as GABA-shunt activity were changed in both cases. Flavonoid is a secondary metabolite

derived from the phenylpropanoid pathway and is closely related to C:N metabolism.
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Therefore GABA probably plays a role in allocating carbon and nitrogen under control or

salinity through regulating the flavonoids biosynthesis pathway.

Akçay et al. (2012) studied salt stressed (up to three weeks) Nicotiana sylvestris wild type

and the cytoplasmic male sterile (CMS) II mutant, which had impaired mitochondrial

function due to the deletion of NAD7 subnit of complex I. The TCA cycle activity of

CMSII mutant is maintained by complex II and alternative dehydrogenases that bypasses

complex I. Under short term stress (within 24 hours), both lines had induced GAD activity

as well as elevated GABA concentration, but the activities of glutamate dehydrogenase

(GDH) and GAD as well as GABA content was significantly higher in wild type than in

CMSII. However, in the long term, unlike wild type, salt induced GABA accumulation in

CMSII didn’t correlate to GAD activity, which was much lower than in non-stressed CMSII

plants. This suggests that the GABA shunt pathway is not the only source of GABA in

plants. Interestingly, GAD activity in non-stressed CMSII mutants also increased weakly

without accumulating GABA, suggesting the efficient and fast catabolism of GABA. This

provided more evidence of improved GABA-shunt activity due to impaired TCA cycle, and

again indicates a non-direct correlation between GAD activity and GABA concentrations.

1.3.2 Modified GABA metabolism alters salt tolerance

Plants with altered GABA metabolism display altered tolerance. Bao et al. (2015) studied

the tomato GAD, GABA-T and SSADH genes through virus-induced gene silencing. They

found that silencing of SlGADs and SlGABA-Ts both increased ROS accumulation and

sensitivity to 200 mm NaCl stress, but SSADH -silenced plants were less sensitive to salinity

than WT, although they cannot degrade GABA and had a dwarf phenotype and elevated

ROS levels under normal conditions. This suggests the catabolism of SSA to GHB as

reported previously in Arabidopsis may play a role in salt stressed plants. Su et al. (2019)

studied a GABA deficient double mutant gad1,2 and a GABA accumulation line pop2-5

under normal and salt conditions and found the latter more tolerant to salinity. After

growing on medium containing NaCl for one week, young seedlings of the double mutant

had minimal GABA content which could not be induced by salinity. In contrast, pop2-5

which cannot catabolise GABA through GABA-T, had the highest GABA content among

all three lines even under control conditions, with additional salinity-promoted GABA

accumulation. After a longer period of salt stress (up to 3 weeks in the medium) and higher

NaCl concentration (up to 150 mM), pop2-5 also showed higher survival rates and larger

biomass than gad1,2. They concluded that GABA improves salinity tolerance by confer-

ring better membrane potential maintenance and optimal Na+/K+ ratio mainly through

more negative regulating ion transporters. The plasma membrane Na+/K+ antiporter

SOS1 transports Na+ from cytoplasm to the apoplast, functioning in Na+ exclusion upon

salinity. SOS1 is regulated by the P3A type of H+-ATPase encoded by AHA genes (Kim
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et al., 2013). The vacuolar Na+/K+ exchanger NHX1 mediates Na+ compartmentalisation,

with constitutive overexpression in Arabidopsis leading to increased salt tolerance (Amin

et al., 2020; Apse et al., 1999). Salt-stressed pop2-5 roots had up-regulated expression

of SOS1, AHA2 and NHX1, while in gad1,2 their transcription levels barely changed.

The outward-rectifying K+ efflux channels (GORK ) gene expression was much higher in

gad1,2 than in pop2-8. This suggests the reduced Na+ concentration in the cytoplasm,

lowered ROS-inducible K+ efflux from root epidermis, and better K+ retention due to

lower GORK channel activity, all contribute to the salt-resistant phenotype of pop2-8 (Su

et al., 2019).

On the contrary, Renault et al. (2010) found that GABA transaminase (GABA-T), was

a sensitive step of GABA metabolism responding to salt stress, as pop2-1 mutant was

oversensitive to ionic stress but not to osmotic stress. They also observed decreased content

of shoot succinate, 2-OG, Gln and root Gln but accumulated Glu in salt stressed mutant.

Additionally, they reported pop2-1 under salinity had altered cell wall composition and

hypocotyl development, reduced expression of sucrose-related genes, and reduced starch

metabolism, accompanied by decreased sugars. This observation could be due to: (i) a

different ecotype Lansberg, instead of Columbia was used in Renault et al. (2010) study,

and natural variation in salt tolerance does exist between Arabidopsis accessions (Katori

et al., 2010; Julkowska et al., 2016); (ii) GABA may efficiently operate only within a range

of concentrations, as the content of GABA in salt stressed pop2-1 is twice as high than

that of pop2-5 (Su et al., 2019), this could be beyond its optimal functioning range.

Stress-induced ROS leads to excessive accumulation of aldehydes, which are intermediates

in several fundamental metabolic processes and are produced under normal and various

stresses. The detoxification of over accumulated ALDHs are through the activity of ‘alde-

hyde scavengers’, NAD(P)+-dependent aldehyde dehydrogenase (ALDHs), by catalysing

the oxidation of aldehydes into the corresponding carboxylic acids, eventually reducing

lipid preoxidation (Kirch et al., 2004). Arabidopsis ALDHs belong to nine different families,

some of the stress-related proteins are: (i) family 3, 5 and 7, such as ALDH3I1, ALDH3H1,

ALDH3F1, ALDH7B4, and ALDH5F1 which is also named SSADH and is involved in the

GABA shunt; (ii) the betaine aldehyde dehydrogenase (BADH) homologues ALDH10A8

and ALDH10A9 which are involved in PA metabolism (Kirch et al., 2004). Significant

amounts of toxic aldehydes are produced during dehydration, salt, heat, and oxidative

stresses, followed by increased expression of ALDH genes, and plants with over-expressed

and knock-out ALDHs are more tolerant and more sensitive to these stresses compared to

wild type, respectively (Tagnon and Simeon, 2017). Zarei et al. (2016) reported that during

an up to 2 d salt stress, two ssadh mutants showed reduced shoot GABA concentration and

inhibited root growth compared to wild type. Although ssadh mutants cannot convert SSA

to succinate, their shoot GABA concentration was not altered under control conditions,
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and the mutants accumulated significantly less GABA under salt stress (only 50% of the

GABA content induced in WT). This suggested the importance of GABA shunt activity

under salinity and the other pathways could not compensate for the loss of SSADH.

1.3.3 Exogenous GABA application increases salinity tolerance

Multiple researchers have shown that exogenous GABA, either applied before stress (plant

priming) or during stress, usually stimulate endogenous GABA concentration, reduce ROS

accumulation, thus help plants cope with stresses including salinity.

Exogenous GABA alleviates salt damage to tomato seedlings through induced endogenous

GABA to reduce Na+ uptake, promotion of amino acid synthesis and osmotic and antiox-

idant accumulation (Wu et al., 2020). Exogenous GABA also improved photosynthesis

and enhanced activities of antioxidant enzymes under salinity, and increased salt tolerance

of wheat (Li et al., 2016a). Çekiç (2018) found endogenous GABA increased more under

NaCl+GABA treatment than either salt or GABA treatment alone, and they proposed

that exogenous GABA could enhance the stress tolerance through the production of some

phenolic acids as well as endogenous GABA in plant under salinity. Furthermore, exoge-

nous GABA has regulatory roles for H2O2 and ethylene production on gene expression of

Caragana intermedia roots under NaCl stress. A study on Maize (Zea mays) under NaCl

stress also showed that exogenous GABA promoted ROS scavenger enzymes activities

(SOD, CAT and POD), and inhibited H2O2 accumulation (Tian et al., 2005).

Salt stress reduces mETC efficiency which eventually results in reduced photosynthetic

performance. In accordance to this, exogenous GABA has been reported to have positive

effects on salt stressed muskmelon (Xiang et al., 2016) and lettuce seedlings (Kalhor et al.,

2018), through functioning as osmotic substrates which potentially alleviates damages to

mesophyll cell walls, and indirectly affecting photochemical efficiency by regulating C:N

ratio, respectively.

1.3.4 Polyamines contribute to salt-induced GABA production

It has been reported that for multiple species polyamine biosynthesis contributes to plants’

adaptation to salinity, mainly through modulating antioxidant system, osmolytes and

secondary metabolism, and salinity induces alteration of PA concentrations in plants (Hu

et al., 2015). Salinity induces altered PA concentrations in plants. Studies have shown that

Spm accumulates under salt stressed rice, and it is not a salt tolerance trait (Maiale et al.,

2004). When subjected to long-term salinity (7d, 14d and 21d), two rice cultivars with

different levels of salt tolerance both had decreased ADC and S-adenosyl-L-methionine

decarboxylase (SAMDC) activities compared with control plants. Salt stress also reduced
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putrescine and spermidine concentration, although more dramatically in the sensitive

cultivars. However, spermidine synthase (SPDS) activity was only reduced in the tolerant

but not the sensitive cultivar during salt stress (Maiale et al., 2004).

The polyamine pathway also contributes to plant adaptation to salt stress. Studies on

Arabidopsis leaves (Zarei et al., 2016), soybean roots (Xing et al., 2007) confirmed over one

third of greater GABA accumulated under salt stress could be occur via PA degradation

due to strongly promoted diamine oxidases (DAO) activity. Xing et al. (2007) proposed

that higher concentrations of GABA could be accumulated under salt stress in soybean

roots, and the reason could also be through increased diamine oxidases (DAO) activity.

They found that the PA pathway could contribute to about 39% of salt-induced GABA.

Yamaguchi et al. (2006) showed that a double knockout mutant acl5 spms (which cannot

produce spermine) was hypersensitive to high salt, and this could be ameliorated by

exogenous application of spermine. A study by Hu et al. (2015) on muskmelon leaves and

roots under Ca(NO)3 also suggested that exogenous applied GABA improved plants stress

tolerance through promoting PAs and GABA biosynthesis.

In this thesis, the GABA mutants with altered GABA shunt capacity will be studied under

salinity, in order to examine their tolerance and explore the role of GABA under salinity

in detail.

1.4 Hypoxia and GABA

Flooding is a natural hazard that inhibits worldwide agricultural productivity (Voesenek

and Bailey-Serres, 2015). Due to climate change a recent climate model predicts that

approximately by 2050 there will be approximately 450 million people exposed to increased

flooding, an additional 1.3 billion people influenced by coastal floods due to Antarctic ice

and glaciers melting, with more than 1.7 billion hectares of land being affected (Arnell

et al., 2016). Submergence describes a type of flooding stress where the entire plant

is completely immersed in water, while “partial submergence” means part of the shoot

system stays above the water surface (Sasidharan et al., 2017). The term “waterlogging”

or “soil flooding” is also used when excessive water presents in the soil or other rooting

media and can be regarded as a special case of “partial submergence” when only the

root-zone is flooded. Similarly, “partial waterlogging” or “partial soil flooding” means

only part of the root-zone is flooded (Sasidharan et al., 2017). GABA rapidly accumulates

to the greatest extent in plant tissues under low oxygen compared to other abiotic stresses

such as drought, salt, heat and cold (Ham et al., 2012). In this thesis, I am going to

explore GABA metabolism on flooding response using wild type and GABA shunt mutants

subjected to complete submergence. Prior to that, general responses of plants under
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flooding/submergence conditions are introduced here.

The prevailing proportion of O2 in air at sea level is currently 20.95%. Decreased oxygen

availability, i.e. hypoxia stress, always accompanies the (partial) flooding or submergence

of plants, mainly due to slow O2 diffusion in water and the roots’ competition with respiring

microorganisms. Anoxia means the complete absence of O2 in a system and studies usually

induce anoxia by replacing the natural atmosphere with inert gas such as argon/nitrogen

(Branco-Price et al., 2008; Loreti et al., 2005), or submerging plants using degassed water

(Baud et al., 2004). As the photosynthetic light reaction generates molecular O2, many

anoxic stresses are conducted in the dark.

Moreover, dark on its own induces senescence and disturbs the expression of thousands of

genes, as Lin and Wu (2004) reported nearly 2000 genes were over threefold up-regulated

upon darkness (up to 6 d). Buchanan-Wollaston et al. (2005) compared developmental

senescence and dark-induced senescence, and they confirmed that 66% (550) of the 827

natural senescence-enhanced genes were also at least two-fold up-regulated in the leaves of

dark-treated plants, meaning that about 1500 dark-induced genes were not due to natural

aging. The remaining 34% (277) genes were not up-regulated at all under dark, and most

of these genes were found to be involved in the salicylic acid (SA) signalling pathway which

only appeared in developmental senescence. With respect to GABA metabolism, during

dark treatment they also observed that there was 10.82-fold and 21.43-fold increase of

GAD1 and GAD4 expression in mid-senescent stage leaves compared to before flowering

mature and green leaves, respectively. This is consistent with the review of Bouché and

Fromm (2004) that proposed that GABA may play a signalling role in coordinating C:N

balance in limited nutrient environments as occurring during leaf aging. Therefore, dark

submergence, as a combined stress, may not properly represent natural floods, under which

plants still maintain day-light cycles as well as partial photosynthesis (either under or

above water). Underwater photosynthesis can increase internal oxygen concentration and

carbohydrates contents compared to plants under dark submergence, thereby alleviating

some of the adverse effects of flooding (Mommer and Visser, 2005). As a consequence I

will conduct my research by subjecting all stressed plants to light during submergence in

order to mimic plants under natural floods.

1.4.1 Oxygen sensing in plants

Oxygen sensing and signalling of plants is reviewed by van Dongen and Licausi (2015)

in detail; specifically, plants mainly sense low oxygen in a cell via the N-end rule sig-

nalling pathway (NERP) targeted proteolysis and regulation of key hypoxia-responsive

transcription factors (TFs). Even plants grown under non-stressed conditions can en-

counter some degree of hypoxia in certain organs, such as tubers, fruit, vascular bundles,
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developing seeds, roots and leaves, due to increased respiratory demand or endogenous

barriers to oxygen diffusion (Bailey-Serres et al., 2012). As a result, hypoxic niches are

established in these developing tissues, and oxygen gradients can act as a regulatory cue.

Recent studies have shown that hypoxic conditions and apical hypoxic niches are required

to regulate the production of new leaves (Weits et al., 2019) and lateral roots (Shukla

et al., 2019) when plants were under aerobic conditions, via inhibiting the proteolysis

of NERP enzymes, therefore linking oxygen sensing to developmental regulation and

hormones such as auxin. Moreover, de Marchi et al. (2016) showed that the NERP

positively regulates the biosynthesis of plant-defense metabolites (e.g. glucosinolates),

and the biosynthesis and response to jasmonic acid which plays a key role in plant immunity.

The hypoxia-associated group VII ethylene-responsive factors (ERF-VIIs) in Arabidopsis

thaliana were identified as substrates of the NERP, through a characteristic conserved motif

initiating with Methionine-Cysteine (Met-Cys) at the amino terminus (Gibbs et al., 2011).

This pathway efficiently induces oxygen-dependent cellular molecular responses: decreased

oxygen availability attenuates the oxidation of the Cysteine 2 (Cys2) residue, ubiquitin

ligation, and proteasomal degradation, eventually leading to nucleus accumulation of ERF-

VIIs (van Dongen and Licausi, 2015). Classified as members of the ERF/AP2 superfamily

that contain a single APETALA 2 (AP2), ERF-VIIs are able to sense molecular oxygen,

translate oxygen availability into the transcriptional reprogramming, and cellular ATP

decline which contributes to at least one Arabidopsis ERF nuclear localisation (Schmidt

et al., 2018). Arabidopsis ERF-VIIs are regulated via the attenuation of their first step

during the conversion into a Proteolysis 6 (PRT6)-dependent N-degron, which is catalysed

by oxygen-dependent Plant Cysteine Oxidases (PCOs) (van Dongen and Licausi, 2015;

Gibbs et al., 2015). There are five members in the Arabidopsis ERF-VII protein family:

RELATED TO AP2 12 (RAP2.12), RAP2.2, RAP2.3, hypoxia-responsive ERF1 (HRE1)

and HRE2 (Papdi et al., 2015). Enhanced stability of HRE2 under oxygen deprivation

improves hypoxia survival of Arabidopsis, but a major rice submergence tolerance deter-

minant SUB1A-1 was not a substrate of the N-end rule pathway, suggesting difference

between wetland and terrestrial plants (Gibbs et al., 2011).

Changes in O2 and nitric oxide (NO) can both regulate the stability of Arabidopsis

ERF-VIIs, whose proteolysis mediates plants’ adaptation under flooding-induced hypoxia

(Abbas et al., 2015). The nonsymbiotic hemoglobins (Hbs) are also proposed to restrict

the oxidation of the N-terminal Cys of RAP2.12, thus promoting the anaerobic response

(Igamberdiev et al., 2014). A recent study of Hartman et al. (2019) found plants were

able to rapidly sense submergence via ethylene entrapment, and this signal can be used to

pre-adapt plants to the upcoming flooding. Ethylene can enhance the stability of ERF-VII

proteins prior to hypoxia by increasing the NO-scavenger PHYTOGLOBIN1. Therefore,

this ethylene mediated NO depletion in their study, together with consequent accumulation
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of ERF-VIIs contribute to plants’ survival of subsequent hypoxia.

The other indirect pathways for hypoxia sensing involves: (i) the sucrose nonfermenting

kinase SnRK1, which senses energy and control multiple processes including transcription;

and (ii) the precise and dynamic mRNA translation regulation which involves SnRK1

and SnRK1 phosphorylated translation initiation factor eIFiso4G (Lee and Bailey-Serres,

2020). Arabidopsis WRKY33 and WRKY12 are recently unveiled by Tang et al. (2020)

to be acting upstream of ERF-VII-dependent gene expression during hypoxia. Their

study suggested WRKY33 can interact with WRKY12 protein to up-regulate RAP2.2

during submergence. Membrane depolarisation (Zeng et al., 2014), changes in trans-

porter activity (Shabala et al., 2014) as well as ROS and NO production (Pucciariello

and Perata, 2016) were reported to occur immediately in plant tissues exposed to hy-

poxia. Thus, although the ERF-VIIs are indeed essential for mediating plant responses

to hypoxia, the fact that it could take hours for them to function after the stress onset

indicates that they may appear after above changes or their function requires these changes.

As oxygen sensing plays a role in normal growth and hypoxia tolerance, and the gene

expression and protein stability of ERFs can be regulated by other TFs and signals, in

this research, the expression of ERFs in GABA mutants will be checked, in order to better

understand how disturbed GABA metabolism affect the plant response under control and

submerged conditions.

1.4.2 Plants under hypoxia and recovery

1.4.2.1 Energy crisis and co-occurring stress

Flooding tolerance is strongly dependent not only on viability during submergence but

also postflooding (i.e. de-submergence/recovery). Yeung et al. (2018) showed that different

rates of recovery between two Arabidopsis accessions correlate with submergence tolerance

and fecundity. As shown in Fig 1.2, flooded plants encounter not only low oxygen, but

also lower light and nutrient availability, and higher risk of pathogen and insect attack

(Tamang and Fukao, 2015). The water around the plants has an effect on the quantity

and quality of light and CO2 availability, both of which are required for photosynthesis,

therefore affecting subsequent carbohydrate (substrate for respiration) and O2 production

(van Dongen and Licausi, 2015). Nitrogen availability is also affected during flooding (León

et al., 2020).

During the following recovery period of de-submergence (reoxygenation and increased

illumination), plants are exposed to higher oxygen and light and higher risk of pathogen

and insect attack, as well as leaf dehydration (although sufficient soil water) and other
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Figure 1.2: Co-occurring stresses during submergence and recovery (Tamang and Fukao, 2015).
Multiple external and internal stresses co-occurred in addition to low oxygen that plants have to
cope with during submergence and the following recovery period.

stresses (Tamang and Fukao, 2015). The primary cause of post-hypoxic injuries in plants

are bursts of reactive oxygen species (ROS) and acetaldehyde, which is oxidized from

anaerobically accumulated ethanol. Aldehyde detoxification is through the activity of

aldehyde dehydrogenase enzymes (ALDHs), which catalyse the oxidation of a broad range

of aliphatic and aromatic aldehydes (e.g. acetaldehyde) into their corresponding much

less toxic carboxylic acid (e.g. acetate) using NAD+ or NADP+ as cofactors. Acetalde-

hyde accumulation in rice and maize during re-aeration following submergence have been

reported, and the lower submergence tolerance of maize than rice is partially due to the

weaker ALDH activity during recovery (Tsuji et al., 2003; Meguro et al., 2006). There are

a few ALDH enzymes related to GABA metabolism: SSADH converts SSA into succinate

in the GABA shunt pathway, while ALDH10A8, ALDH10A9, ALDH2B7 and ALDH7B4

converts 4-aminobutanal to GABA in the polyamine pathway. Therefore, the differences

between GABA mutants under submergence and recovery may be correlated to their altered

aldehyde scavenging ability, which contributes to stress tolerance and post-hypoxic recovery.

A reduction in the available O2 in atmosphere contradictorily can result the accumulation

of ROS in submerged plants. For example, H2O2 formation in plants during and after low

oxygen stress were reported in rice roots and wheat seedlings, increased ROS-responsive

transcripts were observed, and the activities of ROS-scavenging enzymes were also detected
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in barley leaves and roots and Arabidopsis seedlings (Chang et al., 2011; Pucciariello

and Perata, 2016). This is probably due to the fact that complete submergence prevents

direct O2 and CO2 exchange between plants and the air, but underwater photosynthesis

remains active in some way (at least partially) and can alleviate internal O2 shortage to

a small degree, therefore residual O2 which cannot diffuse into the air can provoke ROS

production in these plants (Mommer and Visser, 2005). ROS produced in response to

oxygen deprivation via either the mitochondrial electron transport chain (mETC) or the

plasma membrane localised NADPH oxidase (Pucciariello and Perata, 2016). Inhibition

of the terminal step of mETC is a universal consequence upon low oxygen in eukaryotes,

while the up-regulated ROS-responsive transcripts could prevent this inhibition, with ROS

concentration being actually elevated (Chang et al., 2011). Wu et al. (2021) reported

that the increased GABA content under hypoxia is essential for preventing ROS-induced

disturbance to ion homeostasis. In current study, the genes related to detoxification of ROS

will also be checked to find out how altered GABA metabolism affects plants’ detoxification

capability.

1.4.2.2 Differential tolerance and metabolic adjustment

Flooding creates an energy crisis and activates adaptive energy management in plants. The

main metabolic acclimations include the following as reviewed in detail by van Dongen and

Licausi (2015); Bailey-Serres and Voesenek (2008, 2010); Huang et al. (2008); Mustroph

et al. (2010): (1) The activity of energy consuming processes is repressed as the oxygen

availability decreases, such as ribosome biogenesis, cell wall formation, lipid and protein

synthesis, which are particularly affected due to their higher ATP need; (ii) The activity

of pathways that don’t need oxidative phosphorylation to generate ATP is promoted,

such as glycolysis and fermentation, sucrose catabolism, sucrose synthesis preferentially

by sucrose synthase (SUS) rather than invertase under low oxygen; (iii) The bifurcation

of the TCA cycle, which can partly split into an oxidative and a reductive branch, thus

finely regulating the NAD(P)+/NAD(P)H ratio in mitochondria as well as controlling

the respiratory oxygen consumption by mETC, whose activity also changes with the

concentration of available oxygen; and, (iv) The induction of protective processes, such

as ROS scavenging, chaperone catabolism, production of alanine, GABA and succinate

under hypoxia, which could also contribute to ATP production.

Plants have evolved a variety of physiological, tissue specific morphological and metabolic

adaptations to survive oxygen deprivation, and plant species have varied tolerance to low

oxygen as well as differed strategies to cope with short/long term stress. As a representative

of wetland plants, rice (Oryza sativa) can survive complete submergence while terrestrial

plants such as maize (Zea mays) and Arabidopsis seedlings can only endure short periods

of hypoxia/anoxia (Winkel et al., 2013; Meguro et al., 2006). Long-term tolerance is
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usually related to developmental changes, e.g. forming root aerenchyma, enhancing shoot

elongation, developing adventitious root as well as altering root porosity and morphology

(Fukao and Bailey-Serres, 2004). Adventitious roots and aerenchyma formation upon

flooding both require ROS and ethylene as second messengers, and in addition Ca2+ is

also involved for the latter (Fukao and Bailey-Serres, 2004). As the activity of the GABA

biosynthesis enzyme GAD is regulated by pH and Ca2+, a disturbed GABA metabolism

could potentially have effects on aerenchyma formation and flooding tolerance.

Promoted anaerobic pyruvate metabolism is among the most common initial cellular

metabolic responses in both hypoxia-tolerant and -sensitive plants. Decreased oxygen

availability limits the production of ATP from mitochondrial respiration and induces the

glycolytic and fermentative pathway in plants that produces ethanol. Pyruvate decar-

boxylase (PDC) and alcohol dehydrogenase (ADH) are two of the main enzymes during

these processes, with PDC catalyzing pyruvate into acetaldehyde, which is then reduced to

ethanol by ADH. The importance of these enzymes was confirmed by the fact that maize,

rice and Arabidopsis PDC and ADH loss-of-function mutants cannot cope with oxygen

deprivation (Fukao and Bailey-Serres, 2004), while overexpression of either PDC gene in

Arabidopsis could improve tolerance to low oxygen (Ismond et al., 2003). Overexpression

of ADH1 didn’t promote hypoxia tolerance, probably due to unaffected carbon flow and

ethanol content in the mutant, which suggests that ADH content are already in excess

in wild-type and are above a threshold so do not correlate with the survival (Ismond

et al., 2003). On the other hand, uncontrolled or constitutive fermentation can also be

detrimental to plant survival as it results in rapid loss of carbohydrate resources which are

needed for basic cellular homeostasis (Licausi et al., 2011).

Other metabolic process such as trehalose metabolism, ABA biosynthesis and catabolism,

signal transduction including mitogen-activated protein kinases (MAPKs) signalling, and

nitrogen metabolism, also mediates plants’ tolerance to abiotic stresses including hypoxia

and can also be activated in response to hypoxia (Wang et al., 2021b).

Sucrose can be cleaved either into glucose and fructose by invertase, or into uridine diphos-

phate glucose (UDP-glucose, UDPG) and fructose by sucrose synthase (SUS), preserving

energy as UDPG, whose ready and continuous supply is essential in plants for cell wall

synthesis (Paul et al., 2008). Trehalose is synthesised by two steps in plants: UDPG and

glucose-6-phosphate (G6P) were converted to trehalose-6-phosphate (T6P) and UDP by

trehalose-6-phosphate synthase (TPS); then T6P was dephosphorylated into trehalose and

inorganic phosphate (Pi) by T6P-phosphatase (TPP) (Schluepmann and Paul, 2009). Ara-

bidopsis has 11 and 10 genes encoding TPS and TPP, respectively. Trehalose is hydrolyzed

into two molecules of glucose by trehalase. T6P plays an important role in sugar signalling,

plant growth and development, and regulation of sucrose use and stomatamal movement
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(Paul et al., 2008). T6P inhibits SNF1-related kinase 1, SnRK1, thereby altering gene

expression and promoting growth processes; the T6P/SnRK1 signalling pathway enables

growth recovery following relief of a sink limitation such as low temperature (Nunes et al.,

2013). A study has shown that submergence-tolerant rice induced greater amount of three

TPS mRNAs than intolerant rice, therefore T6P is related to the regulation of growth

under submergence (Mustroph et al., 2010). Moreover, a homolog of TPP in rice, OsTPP7

was found to be important for anaerobic germination tolerance (Kretzschmar et al., 2015).

An earlier study of wild type and submergence-tolerance transgenic Arabidopsis also sug-

gested altered trehalose metabolism and T6P concentration might facilitate the increased

sugar flux to anaerobic respiration (Liu et al., 2005). It would be interesting to study

GABA mutants, to examine whether they display different degrees of energy crisis under

submergence, and therefore distinguishable trehalose metabolism.

Chang et al. (2011) showed that mitochondrial ROS production upon oxygen deprivation

transiently activates MAPK6, and this activation functions in retrograde signalling which

can contribute to stress tolerance. Pucciariello et al. (2012) re-analysed publicly available

Arabidopsis microarray data and found that although a common core of genes related to

the anaerobic metabolism were shared between anoxia and hypoxia, differences occurred

in terms of their response to ROS-related genes. They proposed: (i) oxygen deprivation

induced H2O2 production appeared to be a trait present in very early stage of anoxia; (ii)

the regulation of a set of genes belonging to the heat shock proteins and ROS-mediated

groups requires ROS; and, (iii) this mechanism, which is involved in plant stress tolerance,

is not likely to be regulated by thy N-end rule oxygen sensing pathway, but rather mediated

by the NADPH oxidase.

1.4.2.3 Transcription acclimation

At the transcriptional level, plants under low oxygen accumulate transcripts coding en-

zymes that are involved in metabolic reprogramming upon hypoxia. This involves a

core group of 49 ubiquitously hypoxia-responsive genes that are rapidly activated for

transcription and prioritised for translation across cell types (both shoots and roots), while

most other transcripts are sequestered from translation complexes until reaeration, as

reported by Mustroph et al. (2009) when they subjected young Arabidopsis seedlings to

2 h dark submergence. They also compared transcriptomic adjustments to various low

oxygen treatments in a later study, i.e. short term hypoxia/anoxia, root waterlogging and

complete submergence in 21 organisms across several kingdoms (Plantae, Animalia, Fungi,

and Bacteria), and highlighted conserved and plant-specific response genes (Mustroph

et al., 2010). Induction of these hypoxia responsive genes (HRGs) is thought to contribute

to survive prolonged hypoxia. These genes encode proteins associated with metabolism re-

configuration, e.g. ATP production and energy maintenance, NO and ROS scavenging, O2
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sensing, fermentation, and perception and biosynthesis of ethylene. Some of the core HRGs

are sucrose synthase (SUS4 ), ATP-dependent-phosphofructokinase (PFK ), PDC1 and

PDC2, alanine aminotransferase (AlaAT), ROS-responsive genes, and the putative lactate

transporter Nodulin 26-like Intrinsic Protein NIP2;1 which belongs to a subgroup of the

aquaporin superfamily of membrane channel proteins. Up-regulation of hormone-related

genes and transcripts encoding enzymes that contribute to ROS-mediated signalling and

amelioration are also observed upon hypoxia. For example genes involved in ethylene

biosynthesis (ACC synthase,ACS ; ACC oxidase, ACO) and jasmonic acid signalling re-

pression JASMONATE ZIM DOMAIN PROTEIN 3 (JAZ3 ) were up-regulated, providing

a link between hypoxia and hormone directed growth (Mustroph et al., 2010).

Some low-oxygen experiments using the mutants confirmed the role of the above HRGs,

e.g. nip2;1 plants experience poorer survival during argon-induced hypoxia stress (Beamer

et al., 2021). In Arabidopsis, there are 4 PDC genes and 1 ADH gene. Kürsteiner et al.

(2003) showed that AtPDC1 was the only gene induced by oxygen limitation but it was

not required during other environmental stresses, and the pdc1 null mutant was more

susceptible to anoxia but no other stresses. A later study by Mithran et al. (2014), however,

showed that both PDC1 (mainly expressed in roots) and PDC2 (leaf-specific) contributed

to anoxia tolerance, as both genes were up-regulated in response to various low-oxygen

conditions, and mutation of either gene resulted in a lower tolerance to submergence. They

also observed a high expression of PDCs at both transcript and protein level, even under

control conditions when ADH is almost absent, suggesting PDC has a role under aerobic

conditions that is not coupled to fermentative metabolism. Recent research by Ventura

et al. (2020) also highlighted the importance of PDC, ADH and fermentative metabolism

for aerobic plant growth. They studied wild type, adh1 and pdc1 pdc2 single or double

mutants and reported that compared to wild type plants, all mutants had greater growth

penalty under aerobic normal aerobic conditions rather than under hypoxia, regardless of

long-term waterlogging (19 d) or short-term dark submergence (35 h). They also found

that submergence to be more detrimental to all plants than waterlogging.

Table A.1 shows the full list of 52 core HRGs in response to low oxygen, including the 49

core hypoxia-responsive genes reported by Mustroph et al. (2009) as well as three more

genes, i.e. HRE1, ALAAT2 and NIP2;1. The latter two were listed with the other 49

core genes in their study and were displayed separately in Table A.1 due to an improved

understanding of their function. In this research these 52 core HRGs will be checked before

and after submergence in order to: (i) validate that they could be induced in pre-submerged

GABA mutants and/or in submerged lines under the current experiment conditions; and

(ii) how the differences in submergence tolerance among genotypes could be correlated to

HRGs expression, linking disturbed GABA metabolism to hypoxia tolerance.
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In addition to the 52 core HRGs, there are other genes involved in hypoxia and recovery.

For example, genes related to heat and oxidative stresses were progressively activated

during hypoxia, and nuclear-regulated stress-responsive genes were highly translated during

reaeration (Lee and Bailey-Serres, 2019). Preventing K+ leak via knocking out guard

cell outward rectifying K+ channel (GORK) is proposed to promote hypoxia tolerance,

while reduced NADPH oxidase (RBOHD) activity has a hypoxia-sensitive phenotype and

RBOHD is crucial in hypoxia-induced Ca2+ signalling for stress sensing and acclimation

mechanism, as reported by Wang et al. (2017). Mitochondrial retrograde signals, facilitated

by endoplasmic reticulum (ER)-located NAC TFs, are also capable of inducing nuclear

gene expression under hypoxia. Recently Meng et al. (2020) reported that ANAC017

increased hypoxia tolerance by assisting retrograde signalling-coordinated chloroplast func-

tion, probably via transcriptional reprogramming and including other TF genes (WRKY40

and WRKY45 ). They showed the anac017 knock-out mutants had lower photosynthetic

rate and chlorophyll content but higher ROS production than wildtype during submergence

and the following reaeration. Although specific roles of the two WRKY TFs under hypoxia

are largely unknown, WRKY40 or WRKY45 overexpression and their knockout improved

and repressed submergence tolerance in Arabidopsis, respectively (Meng et al., 2020). The

SENSITIVE TO PROTON RHIZOTOXICITY 1 (STOP1) transcription factor can also

promote Arabidopsis root tolerance to waterlogging through up-regulating the expression

of both GDH genes and a HEAT SHOCK FACTOR A2 (HsfA2) gene (Enomoto et al.,

2019). Moreover, STOP1 induces AtALMT1 expression in Arabidopsis (Balzergue et al.,

2017).

One of the plant hormones involved in hypoxia and reoxygenation responses is ethylene,

whose early signalling regulates hypoxia acclimation and anaerobic metabolism. Ethylene

is also proposed to inhibit Al3+-induced malate efflux by targeting TaALMT1 (Tian et al.,

2014). Recently Hartman et al. (2019) showed that ethylene pre-treatment enhanced the

hypoxia tolerance of Arabidopsis plants, by stablising ERF-VII transcription factors. They

reported rapid nuclear accumulation (<1 h after submergence) of Ethylene Insensitive 3

(EIN3) protein, a key TF of ethylene signalling, in Arabidopsis root tips. Tsai et al. (2016)

reported ethylene-regulated glutamate dehydrogenase (GDH) via EIN3 fine-tunes plant

metabolism during anoxia and recovery. EIN3 helps plants to better adjust metabolism by

regulating the induction of GDHs, GDH1 and GDH2, both of which are involved in low

oxygen tolerance and reoxygenation. This also confirmed that the double mutant gdh1

gdh2, which loses GDH activity, was more sensitive and had more wilted leaves than WT

after 7 d recovery from 36 h dark submergence. As illustrated in Chapter 1 Section 1.1.1,

GDH can catalise glutamate into 2-OG. Thus the metabolic results of Tsai et al. (2016)

suggested that 2-OG is a co-substrate that facilitates the breakdown of alanine by AlaAT

when plants are relieved from hypoxia (Fig 1.1).
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Diab and Limami (2016) proposed the reconfiguration of nitrogen metabolism during

hypoxia and recovery, and highlighted the importance of AlaAT and GDH. Their model

showed that under hypoxia, pyruvate derived from glycolysis pathway is competitively

used by the AlaAT/GDH cycle and leads to Ala accumulation and NAD+ regeneration.

Therefore carbon, instead of being lost through fermentation pathway in the form of ethanol

during hypoxia, is saved in a nitrogen store and can be used during the post-hypoxia

recovery period through the reverse reaction of the AlaAT/GDH cycle. In the meantime,

pyruvate produced in this reverse cycle can be funneled back to the TCA cycle. Two

aminotransferases in GABA shunt, AlaAT and GABA-T, are both involved in alanine and

pyruvate transformation (Fig 1.1). It will be worthwhile to check their expression levels in

GABA mutants and testify whether the above proposed AlaAT/GDH cycle contributes to

hypoxia tolerance.

1.4.3 GABA plays a role under hypoxia and recovery

Flooding induces a dramatic increase in plant GABA content, which is one of the most

prominent metabolic alterations and has been reported for a long time (Michaeli and

Fromm, 2015; Shelp et al., 2017). The GABA-shunt, the main GABA metabolism path-

way, bypasses two steps of the TCA cycle, and increased activity of GABA-shunt can

compensate for the decreased activity of the TCA cycle, providing NADH and succinate

to the cycle (Section 1.1 and Fig 1.1).

Several studies have found that exogenous GABA and induced expression of some GAD

genes are beneficial to plants under oxygen deficiency. Shabala et al. (2014) described

that GABA pretreated barley roots showed alleviated cell death, increased Ca2+ extrusion

which is ROS-induced, and reduced the magnitude of H2O2-induced K+ leak under hypoxia.

Salvatierra et al. (2016) reported that exogenous applied GABA to Prunus rootstocks

transiently improved root hypoxia tolerance of the sensitive ecotype but not the tolerant

one. They found one of the early differentially expressed genes had high homology to the

root-specific Arabidopsis glutamate decarboxylase, AtGAD1. Hypoxia-induced injury on

muskmelon roots can also be alleviated by application of exogenous GABA, and Lü et al.

(2019) proved that the mitochondrial malate dehydrogenase (mMDH) was involved during

the alleviation process, via increasing some TCA cycle intermediates content. Miyashita

and Good (2008) observed that during 24-hour dark hypoxia, GAD2 expression gradually

decreased, GAD1 maintained similar levels as non-stressed plants, while GAD4 was highly

inducible (up to 20-fold than control at 8h) in Arabidopsis roots. In addition, they showed

GABA shunt plays a role in the inhibition of hypoxia-induced alanine accumulation in

flooded roots.

To further understand the role of GABA under hypoxia, Wu et al. (2021) subjected
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several Arabidopsis mutants that was impaired in GABA shunt (pop2, gad1 and gad2 )

to hypoxic treatment, and found that elevated GABA content and GABA-shunt activity

under hypoxia is essential for restoring membrane potential, alleviating ROS-disturbed

cytosolic K+ homeostasis and Ca2+ signalling. The GABA accumulating line, pop2-5

showed lower concentration of H2O2 and higher hypoxia tolerance, in contrast, gad1/2,

the GABA deficient line, showed increased sensitivity to hypoxia than wild type.

Under hypoxia, γ-hydroxybutyrate (GHB) accumulation has been reported in the leaves

of several plant species, including Arabidopsis, tobacco, green tea and soybean (Breitkreuz

et al., 2003; Allan et al., 2003, 2008, 2012). After 4h dark flooding, Breitkreuz et al.

(2003) found increased GABA, alanine and GHB content but decreased GABA-T and

GHB dehydrogenase (GHBDH) expression of in Arabidopsis leaves. As SSADH activity

is limited during flooding-induced oxygen deficiency, their results suggested that a large

portion of SSA derived from GABA under stress and SSA was converted to GHB instead

of succinate, and the supply of SSA or redox balance could potentially regulate GHBDH

activity. Therefore, in this thesis the genes and pathways involved in these processes

will be studied to reveal how disturbed GABA shunt may transcriptionally regulate the

expression of these genes.

1.5 The role of the putative GABA binding motif in

regulating pH-dependent anion transport

In acidic soil, aluminum ions (Al3+) have increased mobility and they tend to form highly

stable complexes with phosphorus. In these conditions, plants can face not only Al3+-

rhizotoxicity but also a poor phosphate bio-availability, thus root growth and function

are inhibited, especially in acidic soils (pH less than 5.5) (Barceló and Poschenrieder,

2002; Kochian, 1995). Direct exclusion of Al3+ from root tips plays a fundamental role in

preventing the accumulation of phytotoxic Al in apoplastic and symplastic compartments

(Barceló and Poschenrieder, 2002). The above problems can also be solved by releasing

organic acids, which chelate Al3+ and set phosphates free (Sharma et al., 2016). Oxalate

exudation can be detected in response to Al3+ in very Al-tolerant species, citrate and

malate exudation have also been found and the latter more thoroughly investigated (Barceló

and Poschenrieder, 2002). As a result of incomplete oxidation of photosynthetic products,

organic acids represent the stored pool of fixed carbon through various metabolic pathways

and play essential roles in plant primary metabolism (e.g. carbon fixation and temporary

storage), forming precursors for amino-acid biosynthesis, pH and redox regulation, stomatal

function and stress adaptation, including aluminum tolerance (Igamberdiev and Eprintsev,

2016; Meyer et al., 2010a). The Aluminum-activated Malate Transporters (ALMTs),

which belong to a protein family of anion channels, are found in many plant species and
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contribute to plants’ tolerance towards toxic aluminum ions in the soil (Meyer et al., 2011;

Luu et al., 2019).

1.5.1 The role of ALMTs in plants

Many plant ALMTs function in both roots and leaves and are mostly plasma membrane

localized (Sharma et al., 2016). Beyond Al3+-detoxification, ALMTs can also transport

other ions (e.g. Cl−) and play various roles in many other physiological process across plant

species, including guard cell and turgor regulation, mineral nutrition, ion homeostasis,

seed development, fruit quality, microbe interactions and putatively as a GABA recep-

tor (Sharma et al., 2016). For example, the maize ZmALMT1 (leaves) and ZmALMT2

(roots) are both involved in maintaining anion homeostasis beside Al3+-tolerance, while

ZmALMT2 also plays a role in mineral nutrition acquisition and transport (Piñeros et al.,

2007; Ligaba et al., 2012). ALMTs also regulate stomatal opening and closure and play

important roles in guard cell movement and gas exchange, e.g. Arabidopsis tonoplast

AtALMT6 (Meyer et al., 2011) and AtALMT9 (Angeli et al., 2013), plasma membrane

AtALMT12 (Meyer et al., 2010b) in Arabidopsis. The barley HvALMT1 regulates cell

turgor and cell expansion while apple (MdMA1) and grapevine (VvALMT9) ALMTs

mainly contribute to fruit flavour (Sharma et al., 2016). The focus of this chapter is malate

transport ability of the wheat TaALMT1.

Wheat (Triticum aestivum, Ta) TaALMT1 (formerly named ALMT1 ) was first identified

by Sasaki et al. (2004) and was constitutively expressed at higher levels in the growing

root apices of the Al-tolerant line (ET8) compared to Al-sensitive line (ES8). The authors

expressed TaALMT1 in Xenopus laevis oocytes, rice and cultured tobacco cells, and

found Al3+-activated malate efflux as well as increased tolerance of tobacco cells to

AlCl3 treatment. Later Yamaguchi et al. (2005) confirmed the localisation of TaALMT1

protein is on the plasma membrane. Ramesh et al. (2015) also found ET8 had a greater

transcriptional level of TaALMT1 than ES8, which coincided with greater malate efflux

to chelate Al3+ ions. Piñeros et al. (2008) expressed TaALMT1 in X. laevis oocytes,

confirming that adding Al3+ to the bath solutions resulted in activating significantly larger

inward (e.g. malate efflux) and outward (e.g. malate influx) TaALMT1-mediated currents.

Zhang et al. (2008) studied the electrophysiological function of the TaALMT1 protein in

transformed tobacco cells, and confirmed the observed currents activated by Al3+ were

identical to those in the root cells of wheat, indicating TaALMT1 on its own is likely to

be responsible for those endogenous currents. Transgenic plants such as barley and rice

expressing TaALMT1 had enhanced root malate exudation, and this provided additional

evidence that as a major Al-tolerance gene ALMT1, has the ability to confer acidic

soil/Al3+ resistance in plants (Delhaize et al., 2004; Gruber et al., 2011). Overexpression

of AtALMT1 in Arabidopsis wild type (Columbia-0 ecotype) enhanced malate excretion
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from the root to the rhizosphere and the recruitment of beneficial bacterium, both of

which could increase plants tolerance to stresses (Kobayashi et al., 2013). Though highly

dependent on the presence of extracellular Al3+ at acidic pH, the TaALMT1 protein is

still functionally active and can regulate ion transport in the absence of Al3+ (Piñeros

et al., 2008) and is increasingly active at alkaline pH (Ramesh et al., 2015).

1.5.2 GABA and ALMTs

GABA has long been studied for its important roles in plants as a metabolite. Recently,

several reports also suggested its potential role in signalling in plants as well as in animals,

may be related to interactions with ALMT (Ramesh et al., 2015; Long et al., 2019).

Cytosolic GABA concentration increases in plant tissues in response to stress, as a bypass

of several reactions of the mitochondrial based TCA cycle to allow the cycle to complete

(Shelp et al., 2017). It was shown that low concentrations of GABA (micromolar) regulate

anion currents through ALMT proteins from various plant species. For example, in wheat,

exogenous GABA application inhibits TaALMT1 activity to prevent malate efflux from

roots to soil under acidic conditions, and this may also occur under other stresses, e.g. cold,

heat, salinity as GABA accumulation is induced and ALMT1 is active at neutral/alkaline

pH (Ramesh et al., 2015). In the meantime, a negative correlation between root malate

efflux and endogenous (i.e. cytosolic) GABA concentration in the root cells was observed

(Ramesh et al., 2015). Also, both GABA and muscimol (a mammalian GABAA agonist)

were found to negatively regulate TaALMT1-mediated currents in X.laevis oocytes in the

presence of Al3+ (Ramesh et al., 2015). Cytosolic GABA efflux into the apoplast is medi-

ated by interacting with plasma membrane-located ALMT and negatively regulating malate

efflux; while high concentrations of extracellular GABA can also enter the cytosol via

ALMT, inhibiting ALMT-mediated malate efflux (Ramesh et al., 2018; Long et al., 2019).

Under stressful conditions it appears that GABA regulates TaALMT1 electrogenic activity

and alters electrical potential across the plasma membrane (Ramesh et al., 2015). GABA

modulation of ALMT activity results in altered root growth and tolerance to alkaline and

acid pH and aluminum ions. Thus it was hypothesised that GABA could be an indicator

of metabolic status sensed and signalled by ALMT, which alters membrane voltage and al-

lows the signal to be transduces into physiological responses (Gilliham and Tyerman, 2016).

As mentioned above, although not all ALMTs are activated by Al3+ or have a role in

Al3+ tolerance, by examining eight ALMTs from five plant species including Arabidop-

sis AtALMT1, AtALMT13 and AtALMT14, wheat TaALMT1, barley HvALMT1, rice

OsALMT5 and OsALMT9, and grapevine VvALMT9, Ramesh et al. (2015) suggested

that it appears to be a general feature of this family to regulate anion-activated an-

ion currents. After comparing sequences of mammalian GABAA receptors and plant

ALMTs using using Multiple Em for Motif Elicitation (MEME) analysis, the authors

31



discovered a predicted GABA-binding motif consisting of 12 amino acids exists in all

known plant ALMTs (Fig 1.3). The first residue of this motif for five species is an aro-

matic and hydrophobic amino acid residue Phenylalanine (F), except that of VvALMT9

(hydrophilic Cysteine, C) and AtALMT13 and AtALMT14 (hydrophobic Leucine, L).

The last residue in the motif is a positively charged Histidine (neutral, H) for all eight

ALMTs, so for AtALMT1 the motif is from F182 to H193 and for TaALMT1 F213 to

H224 (Fig 1.3, D.2), and the motif resides in TM6 (F182 and F213) and H1 of the CTD

(H193 and H224) for both species (Wang et al., 2021a; Motoda et al., 2007). When the

first amino acid residue in the TaALMT1 motif is replaced by cysteine (TaALMT1F213C),

GABA sensitivity of TaALMT1-mediated anion currents decreased, although the F213C

mutation still retained the strong activation by external anions (Ramesh et al., 2015, 2018).

Figure 1.3: A putative GABA-binding motif for plant ALMTs. (a) Half-maximal effective
concentration (EC50) and efficacy (Emax) of GABA in regulating rat GABAA receptors or selected
plant ALMTs using cRNA-injected X. laevis oocytes. Assayed by two-electrode voltage-clamp
electrophysiology (Os=rice; At= Arabidopsis; Hv=barley; Ta= wheat; Vv= grapevine). (b)
Sequence logo of the predicted GABA-binding motif. (c) Residues corresponding to logo in
proteins from a. Identical residues (black), >80% similar (grey) and <60% similar (unshaded).
Figure taken from Ramesh et al. (2015).

Anion transport activity of plasma membrane localised ALMT proteins is not only neg-

atively regulated by GABA, but also affected by pH. At alkaline pH without Al3+, a

variety of anions could activate ALMT1, thus facilitate malate efflux and resulted in larger

currents (Ramesh et al., 2015), and at acidic pH, TaALMT1 activity is minimal unless

Al3+ is present. External malate induced malate flux through TaALMT1 was much greater

in both X.laevis oocytes and tobacco BY2 cells expressing TaALMT1, and this was again

negatively regulated by GABA and muscimol (Ramesh et al., 2015). This evidence suggests

ALMT is able to sense the pH, however the mechanisms are still unknown and need to be

tested. Giving the fact that GABA can regulate ALMT channel activity, and its rapid

accumulation under stress conditions (due to increased H+- and Ca2+-stimulated GAD

activity) utilises proton (Glu + H+ = GABA + CO2), stress-induced GABA synthesis

could be involved in regulating ALMT in a pH-dependent manner by targeting specific

sites within the putative GABA receptor motif.
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1.5.3 Histidine protonation and phosphorylation and its interac-

tion with other amino acids

In the above putative GABA binding motif (Fig 1.3), the last residue Histidine (H224)

is also highly conserved across these plant species in ALMT family members. Histidine

is titratable at pH 6–7 and it carries a positive charge below pH 6. Biochemically, the

pKa (≈ 6.0) of histidine side chain - the imidazole group - is the closest among all amino

acids to the physiological pH, and small environmental pH change would influence the

charge states of histidine (Li and Hong, 2011). Although aromatic at all pH conditions, the

nonprotonated form (above pH 6) of imidazole side chain has essentially a non-charged and

hydrophobic character, whereas the protonated form (below pH 6) is positively charged

and hydrophilic (Rötzschke et al., 2002). Therefore, a pair of amino acids that consist of

histidine and another hydrophobic residue could function as a pH-sensitive “His button”:

“closing” tightly at pH 7.0 but “opening” at pH 5.0, due to the fact that hydrophobic

amino acids are repelled by the protonated form of histidine.

Histidine residues have been found to be involved in proton sensing in several plant channel

proteins, such as mung bean vacuolar proton pumping pyrophosphatase (H+-PPase),

spinach aquaporin SoPIP2;1 and Arabidopsis S-type anion channel AtSLAH3 (Hsiao et al.,

2004; Törnroth-Horsefield et al., 2006; Lehmann et al., 2021). When several histidine

residues in mung bean H+-PPase was singly replaced by alanine, the H716A mutation

significantly decreased the proton transport, the enzymatic activity, and the coupling ratio

of H+-PPase; while the single substitution of H704A, H716A and H758A indicated possible

location of K+ binding in the vicinity of domains surrounding these histidine residues, as

partially released effect of K+ stimulation were observed (Hsiao et al., 2004).

Histidine phosphorylation (pHis) is crucial for signal transduction and as an intermediate

for some metabolic enzymes; pHis is reversible and heat and acid labile but stable

under alkaline conditions (Fuhs and Hunter, 2017). Histidine is mainly involved in four

interactions with other amino acids, and according to the energy needed from high to low,

they are: coordinate, cation-(pi)π, hydrogen-π, and π-π interactions (Liao et al., 2013a).

The cation-π interactions are attractive when the histidine is in neutral form but turn to

repulsive histidine is protonated (His+). The attractive and repulsive cation-π interactions

can switch the two protonation forms (and pKa values) of histidine. In proteins, the π-π

interaction between neutral histidine and aromatic amino acids such as Phe, Tyr, Trp are

in the range between -3.0 to -4.0 kcal/mol, which is significantly larger than the van der

Waals energies (Liao et al., 2013a).
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1.5.4 The structure of AtALMT1

Despite substantial physiological functions of ALMT1 already being revealed in wheat,

barley, Arabidopsis and other plant species, the molecular mechanisms of Al3+ activation,

GABA binding and the sensitivity of pH-dependency have remained unresolved. The

putative topology of TaALMT1 has been predicted in several studies, however, has been

long debated ((Motoda et al., 2007; Ligaba et al., 2013; Dreyer et al., 2012). Among all

the differences, the cellular location of C-terminal domain (CTD) that includes the GABA

receptor motif is the most controversial. Motoda et al. (2007) predicts that the CTD

is localised at extracellular side, whereas other studies suggest an intracellular location

(Ligaba et al., 2013) A rapid malate efflux inhibition by external GABA was discovered in

TaALMT1 expressing X. laevis oocytes suggested that the GABA binding site is located at

the extracellular side or very close to the accessible intracellular area (Ramesh et al., 2015).

Later, GABA was found also be able to inhibit the anion transport of TaALMT1 from the

cytosolic face reducing the ion channel opening frequency (Long et al., 2019). In addition,

as previously reviewed in Chapter 1 Section 1.5.3, a histidine site is highly conserved within

the GABA binding motif and might play a role in manipulating pH-dependent malate

transport. To fully understand the pH-dependency of TaALMT1 anion transport activity

and whether this pH regulation is correlated to GABA, it will be crucial to understand

the structural information of TaALMT1.

Recently the cryo-electron microscopy (cryo-EM) structure of AtALMT1 in the apo (in-

active, unbound and ligand-free), malate-bound, and Al-bound states at neutral and/or

acidic pH were resolved and shed new light on the mechanism of Al3+-activated malate

transport (Wang et al., 2021a). The authors confirmed that as a functional anion channel,

ALMT1apo/pH5 is a homodimer with two subunits A and B. Each subunit contains a

short amphipathic N-terminal α-helix (N-terminal 0, N0), six transmembrane α-helices

(TM1-TM6) forming the trans-membrane domain (TMD, TM1–TM3 and TM4–TM6

constructed into an internal pseudo-two-fold symmetry), and six cytoplasmic α-helices

(H1-H6) creating a large intracellular localised C-terminal domain (CTD). The twelve

transmembrane α-helices from the each TMD assemble into an ion-conducting pore, with

TM2 and TM5 forming the pore-lining helices at the centre and the other TMDs on

the periphery. Two pairs of Arginines resudues (Arg80 from the two TM3 domains and

Arg165 from the two TM6 domains) locate in the pore centre are essential for malate

recognition and binding in the presence of Al3+ (Wang et al., 2021a). This was further

supported by the significantly decreased channel conductance of two mutants (R80A and

R165A) compared to WT at -180 mV when examined in HEK239 cells. Upon Al treatment,

significantly inhibited root growth of Arabidopsis lacking ALMT1 or R80A and R165A

mutant lines were observed, which also coincided with substantially decreased malate

secretion (Wang et al., 2021a), further validating the importance of R80 and R165 in
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gating Al3+- dependent malate conductance. TaALMT1 shares 63% sequence similarity

with the structure resolved AtALMT1 (Gilliham and Hrmova, 2021), naturally providing a

good opportunity to optimize the prediction of cellular location of putative GABA binding

motif and examine its roles in regulating pH-dependent malate transport.

To investigate the role of the histidine residue in the putative plant GABA-binding

motif in terms of pH sensitivity and ion transport, mutagenesis of histidine to alanine

(TaALMT1H224A) and arginine (TaALMT1H224R) were used in this study. Alanine is

hydrophobic and non-changed while arginine is positively charged and hydrophilic. Arginine

is chemically the closest homologue of the charged form of histidine, and its codon usage

differs from histidine only in one base, which may suggest a close functional relation of

these two amino acids during the evolution of proteins. In contrast to histidine, its side

chains remain unchanged at pH between 5.0 and 7.0 (Rötzschke et al., 2002). Therefore,

replacements by alanine (Ala) alters both the affinity for water, the charge and molecular

weight of the residue, which may result in a structure less susceptible to pH changes as

the histidine presents at the C- terminal of TaALMT1. On the contrary, the replacement

of histidine (His) by arginine (Arg) should stabilise the pH-sensitivity of the TaALMT1

protein. TaALMT1 and TaALMT1F213C were also included in this study as controls to

compare the response of them with the H224 mutants. TaALMT1 was also structurally

aligned to the resolved AtALMT1 to predict the location of the putative GABA binding

site and the biochemical properties of Histidine residue under various pH conditions.

1.6 Research gaps

Much of the previous research was conducted using single/double GAD mutants and/or

GABA-T knockout mutants, yet how plants cope with abiotic stress when GABA produc-

tion through the GABA shunt is totally blocked remains to be further elucidated. When

plants are not able to catabolise GABA at all through the GABA shunt (the GABA-T

knockout), how they cope with salinity and hypoxia also remains to be fully understood.

Many of the previous hypoxia/anoxia experiments were short-term dark submergence/flooding

(e.g. a few hours or up to one or two days), or inert gases induced stresses on young

seedlings (e.g. one week old), or root flooding instead of the whole plant complete sub-

mergence. However, plants in nature could be experiencing a longer period of flooding,

either partial or whole plant submerged, with the underwater photosynthesis still going on

(although lower light availability than normal conditions). Therefore, how plants cope with

prolonged and complete submergence under normal day-night cycles when photosynthesis

is partially maintained, still need to be further examined.
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Although GABA accumulation has been reported when plants face low oxygen or flooding,

the detailed roles it plays during the process are still not very clear. Therefore studying

how GABA mutants that have disturbed GABA shunt ability under prolonged complete

light submergence, will contribute to the understanding of the above questions.

The research presented in my thesis focuses on gaining a better understanding of how

GABA contributes to the stress responses of plants, using the model plant Arabidopsis

(At). Salt and hypoxia stresses were induced on wild type and mutants. The mutants

include GABA-deficient lines through GAD knockout, GABA-accumulating lines by GAD2

over expression, and GABA-accumulating lines through GABA-T knockout. Under non-

stressed conditions, plant GAD activity can be restrained by the auto-inhibitory domain

in the C-terminal segment of GADs. See Table 1.2 for details of accessions used in this

thesis. The mutants are all T-DNA insertion homozygous lines, same as thosed used in

Feng (2021) and Piechatzek (2022).

Table 1.2: Information of Arabidopsis plants used in the research

Name Ecotype Accession info

WT-Col Columbia (Col-0) wild type
gad1* Columbia (Col-0) CS860068 1

gad1KO Columbia (Col-0) GAD1 knockout (SALK 017810) 2

gad2-1 Columbia (Col-0) GAD2 knockout (GABI 474 E05)
gad1245 Columbia (Col-0) GAD1, GAD2, GAD4, GAD5 knockout 3

gad2OE Columbia (Col-0) GAD2 over-expression by the 35S CaMV promoter 4

pop2-8 Columbia (Col-0) GABA-T knockout (SALK 007661) 5

WT-Ler Landsberg (Ler-1) wild type
pop2-1 Landsberg (Ler-1) GABA-T knockout

1 T-DNA insertion (51bp) was at the second intron (1323 bp) of the GAD1 gene,
same position as its parent line gad1-4 (SALK 047648) used by Miyashita and Good
(2008). However, unlike gad1-4, gad1* was not a knockout because I found that
GAD1 does express in this line (Fig A.1).

2 Previously named gad1-1 in literature (Bouché et al., 2004).
3 Two parent lines of gad1245 were used in this study: gad1KO and gad2-1.
4 Two lines (gad2OE B33 and gad2OE B97 ) were used in Chapter 2, and only the
former was included in Chapter 3.

5 Previously named gaba-t1-1 in literature (Miyashita and Good, 2008).

Anion transport by TaALMT1 is pH sensitive (Ramesh et al., 2015). As GABA accu-

mulation is common for plants under stress, and GABA production by GAD is a proton

consumption process which contributes to pH changes in cytosol, the GABA-mediated

malate currents through ALMT could be related to the protein pH sensitivity, however,

this needs to be examined.
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1.7 Aims and objectives of the research

There were two major aims and a minor aim in this research. The two major aims of

the current study are focused on how Arabidopsis plants with a disturbed GABA shunt

ability cope with salinity and flooding, in order to better understand the role of GABA

under normal and stress conditions. The growth of both young and mature wild type and

GABA mutants and their physiological responses were investigated under different salinity

treatments with the aim to elucidate the role of GABA under salt stress, specifically the

role of genes encoding GAD and GABA-T enzymes. The physiological, transcriptional

and metabolic responses of these GABA mutants were also studied in detail under normal,

submerged and recovered conditions, to illustrate the role of GABA metabolism during

these processes. Taken together, this work aims to reveal the common and unique responses

of GABA mutants challenged by these two types of stress: salinity or submergence, how

energy crisis is transduced to re-programmed gene expression which leads to metabolic

adaptation upon stress, and how GABA participate in these processes. This could be

beneficial for developing salt- and/or flooding-tolerant plants in the future.

A minor aim of this thesis is to investigate interaction of pH with ALMT, especially,

the role of histidine in pH sensitivity and ion transport, using a heterozygous expression

system. The pH sensitivity and ion transport capacity of ALMT1 was examined when the

last residue (histidine) of ALMT1 was replaced by arginine and alanine, in order to better

understand the role of histidine reside in ALMT1. By conducting site-directed mutations

of the proposed plant GABA binding motif and examining their transporter activity and

sensitivity to low or high pH solutions with or without malate, a better understanding of

GABA’s role as a signalling molecule will be achieved.
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CHAPTER 2

The role of GABA under salinity

Salinity is a major agricultural issue affecting crop yield worldwide (Munns and Tester,

2008) by leading to decreased photosynthesis and plant growth (Deinlein et al., 2014).

Both mitochondrial respiration and tricarboxylic acid (TCA) cycle activity in plants are

inhibited during salt stress, which impinge upon providing sufficient ATP and reductants

for adaptive processes such as ion exclusion and reactive oxygen species (ROS) detoxifica-

tion (Tyerman et al., 2019).

GABA accumulates in plants in response to salt stress, and it is proposed that the GABA

shunt activity promoted by salt stress could provide an alternative carbon source for

mitochondrial respiration (as it bypasses some stress-sensitive enzymes of the TCA cycle)

(Bao et al., 2015; Ma et al., 2019). GABA could also alleviate salt stress through enhancing

ROS scavenging and antioxidant capacity, and modulating amino acid synthesis (Ma et al.,

2018; Che-Othman et al., 2020). Exogenously applied GABA was found to increase plant

salinity tolerance through decreased Na+ uptake, improved photosynthesis, and promotion

of antioxidant systems (Wu et al., 2020; Li et al., 2016a; Çekiç, 2018). However, the exact

role of GABA under salinity, especially on root growth, is not fully understood. Therefore,

in this chapter Arabidopsis wild type (WT) and GABA mutants (Table 1.2, multiple

GAD and GABA-T mutation lines which had putative disturbed GABA metabolism)

were used to investigate the role of the GABA shunt pathway under salinity. The GABA

concentration has been reported to be significantly decreased in gad2-1 and gad1245

but greatly increased in pop2-8, due knockout of the GABA biosynthesis gene glutamate

decarboxylase (GAD(s)) and catabolic gene GABA-transaminase (GABA-T ; pop2 ) (Xu

et al., 2021; Feng, 2021; Piechatzek, 2022).

Young seedlings grown in square petri dishes and mature plants grown in a hydroponic

system, with or without additional NaCl, to examine the impact of salt root elongation,

biomass, and shoot ion content. Hydroponic experiments using mature plants (4 to 5 weeks
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old) were also carried out for these two lines with the most disturbed GABA metabolism,

and biomass, water content, ion content (Na+, K+, Na+/K+) of leaves were measured.

Under non-saline conditions, gad1*, gad1245 and pop2-8 main root grew faster and longer

than WT. Their total root length was also significantly larger than WT after 10 d, which

was mainly due to their lateral roots developing faster, but was reduced to that of WT

by salt treatment. Non-saline gad1245 had a greater biomass than WT, which was also

brought down to the same as WT under salinity. Although gad1KO and gad1245 always

had shorter roots at 4 d, after transfer to new media they maintained the same and greater

main root growth rate than that of WT, respectively. gad2OE had a faster growth rate

than WT under control, but this advantage was abolished under salt treatment. Both

pop2-8 and gad1245 had a reduced capacity to feed GABA into the Tricarboxylic acid

cycle (TCA cycle), which was advantageous for root growth under control conditions,

but this advantage was reduced upon salt stress. Root growth of plate-grown young

seedlings (less than 3 weeks old) showed that both pop2 and WT from the Ler background

were more sensitive to salt stress (50 mM and 100 mM NaCl) than those from the Col

background. Hydroponic grown pop2-8 and gad1245 did not show significant altered ion

contents compared to WT in the same solution, although gad1245 had a slightly smaller

K+ decrease in response to 75 mM NaCl. However, gad1245 had lower water content

than WT and pop2-8 under salt solutions. Consistent with the root growth on plates,

gad1245 had greater biomass than WT only under control conditions but not 75 mM NaCl

solutions.

2.1 Results

Root performance is largely dependent on Root System Architecture (RSA), which is

responsible for water and nutrient acquisition, and the replacement rate of plant water

loss (Passioura, 1988). A total of over 1000 Arabidopsis seedlings (>10 per condition)

were used in the root assays. All seeds were harvested from parental plants at a similar

time and stored in identical conditions. Arabidopsis seedlings were sown and grown in

square petri dishes, i.e. plates containing 1/2 MS media (with 1% sucrose unless stated

otherwise). The plates were scanned after germination and the RSA parameters measured

were based on Kellermeier et al. (2014) and are listed in Table 2.1.

2.1.1 Main root length of WT and GABA mutants

To dissect the link between a disturbed GABA shunt and early stage root growth, the

main root length of WT and all mutants (≤ 7 d) were measured. As shown in Fig 2.1,

after germinating on 1/2 MS for 5 days, the main root length of gad1KO and gad1245

were the shortest among all eight lines, while only gad1* main roots were longer than WT.
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essential for maintaining root GABA level (Bouché and Fromm, 2004). So it is possible

that the inhibited root elongation in gad1KO and gad1245 was due to disturbed GABA

metabolism in these two lines. Moreover, no obvious germination delay or defects could

be observed by eyes, and it is common for seeds harvested from the same plants to be

unevenly developed. As the focus of the current study is root growth, so healthy and

similar length seedlings (Fig B.1a) from a plate were transferred to new plates to examine

their RSA parameters during the following days on the new media B.1.

2.1.2 Main root growth rate of WT and GABA mutants

Main roots are initiated during embryogenesis and their development is predetermined.

To minimise this impact as much as possible and further investigate the direct effect of

disturbed GABA concentrations on main root elongation, i.e. main root growth rate

(MRGR), germinated seedlings with similar length of main roots were transferred to new

media plates (with or without NaCl).

The MRGR differences between WT and the four GAD lines (gad1*, gad1KO, gad2-1 and

gad1245 ) were explored. To directly compare between the four GAD mutants, MRGR was

normalised as a proportion of WT in the same treatment for each mutant. First though,

the main root length of these plants on transfer day (Day 0 of stress) were measured to

record any existing pre-treatment differences between accessions. To directly compare

between the four GAD mutants, MRGR was normalised to the proportion of WT in the

same treatment for each mutant. Although pre-selected, gad1* and gad1KO still had

longer and shorter main roots respectively, than that of WT on transfer day (Fig 2.2).

This trend was in accordance with main root length (Fig 2.1). Meanwhile, main roots

of transferred gad2-1 plants were the same length as transferred WT plants (Fig 2.2).

However, as for gad1245, those transferred to control media had the same mean MRL as

WT plants, but those transferred to 75 mM NaCl had a smaller mean MRL (10.01±0.25

mm) than that of WT (10.72±0.21 mm).

For control plants, MRGR showed no big differences between WT and gad2-1 or gad1KO,

but gad1245 and gad1* main roots grew faster than WT (Fig 2.3a). Especially after

normalisation to WT level of the same conditions, non-stressed gad1245 also had greater

MRGR than its two parent lines gad2-1 and gad1KO (Fig 2.3b), even though gad1245

started with shorter main roots on transfer day than gad2-1 (Fig 2.2).

Not surprisingly, main root growth of all salt-stressed plants was significantly decreased

compared to control plants. No matter if they grew faster than WT or not on control media,

75 mM NaCl treatment decreased mutant MRGR to the same as WT (Fig 2.3a). Thus,

among the 4 GAD lines, main root growth of gad1* and gad1245 were more inhibited by
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that gad1245 plants, in which the GABA-shunt was blocked and could not produce GABA

through this pathway at all, main roots grew faster than not only WT but also its parent

line gad2-1 under control and slight salinity.

2.1.3 Root system architecture of WT and GAD mutants

As a major determinant of RSA, the formation and development of lateral roots (LRs)

impacts water uptake efficiency, nutrients acquisition and plants anchorage, and thus the

regulation of LRs is of great agronomic importance (Péret et al., 2009). After 6 d from

transferring to control or salt media plates, parameters of RSA in addition to MRGR

were examined for DAG10 WT and the four GAD mutants (gad1*, gad1KO, gad2-1 and

gad1245 ) in addition to MRGR. The total root length (MRL + LRL), total lateral root

length (LRL) and lateral root size (proportion of lateral roots, LRS) were shown in Fig

2.5. The average length (AvgLR), number (LRN) and density (LRden) of lateral roots

were shown in Fig 2.6. Salinity significantly inhibited all these RSA parameters.

In agreement with the main root growth rate results (Fig 2.3), all six RSA parameters of

gad1* were larger than that of WT if not stressed and there were no differences between

gad1* and WT under salinity (Fig 2.5, 2.6). Similarly, gad1245 control plants had larger

TRL, LRL, LRS, AvgLR and LRN than WT if not stressed, and the only exception

was lateral root density. These results suggested that gad1245 main root, which grew

faster than WT on control media (Fig 2.3), was accompanied with more quantity and

faster-grown lateral roots (Fig 2.5, 2.6), but the distribution of LRs on MR is the same as

WT due to unaffected LRden.

In contrast to gad1* and gad1245, the TRL, LRL and LRS of gad2-1 was smaller than

WT when grown on control media, but these differences could not be observed when grown

on salt media (Fig 2.5). The decreased TRL of gad2-1 plants under control media could

be mainly due to decreased LRL, as the main root length of gad2-1 and WT were not

significantly different to WT on transfer day (Fig 2.2), as was the case of main root growth

rate (Fig 2.3).

Although gad1KO plants started with a shorter main root on transfer day (Fig 2.2),

they could maintain the same MRGR as WT did (Fig 2.3). This held true for the RSA

parameters, and surprisingly, later root number, size and density of salt stressed gad1KO

plants were significantly higher than that of stressed WT plants (Fig 2.5, 2.6). These

observations indicate that under salinity, although gad1KO tend to form more lateral

roots than WT, as the average length of individual lateral root was the similar to WT,

the larger number of LRs was not sufficient enough to significantly increase of the LRL

and TRL for gad1KO.
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Figure 2.7: Main root length of WT and pop2 from -Col and -Ler background. Seeds were
sown on 1/2 MS and transferred to new media on DAG5. Number of plants used n ∈ [10 ∼ 30].

Fig 2.7 showed that in general plants from Landsberg background were more sensitive to

salinity than those from Columbia. Especially when stressed with 100 mM NaCl, main

root growth of Landsberg lines (both WT and pop2-1 ) were greatly inhibited while the

Columbia lines kept growing over 40 mm. Under normal conditions, pop2 lines of the two

ecotypes both had longer main roots than their corresponding WT on DAG13, although

only the Columbia background (pop2-8 ) had significantly longer main roots than WT.

pop2-8 maintained this faster main root growth than WT under 50 mM and 100 mM

NaCl as well. However, the Landsberg pop2-1 was much more sensitive than its WT under

both 50 mM and 100 mM NaCl. These results suggested that the Landsberg ecotype was

in general more sensitive to salt stress, and this sensitivity was enhanced when GABA

catabolism is totally blocked through the GABA shunt pathway.

2.1.5 Biomass and water content of WT and GABA mutants

To investigate the physiological response of disturbed GABA production through altered

GAD and GABA-T, the biomass and water content of WT, gad1*, gad1KO, gad1245 and

pop2-8 were measured.

As shown in Fig 2.8a, plants of gad1* and gad1245 had a larger fresh weight than WT

and gad2-1 under control conditions, while under salinity there were no significant differ-

ences between the any of the GAD mutant and WT. After normalisation, between the

non-stressed mutants, gad1* and gad1245 both had a larger fresh weight than that of

WT, gad1KO gad2-1 (Fig 2.8b). However, when grown on media containing 75 mM NaCl,
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lines shoot Na+ content and Na+/K+ ratio was higher on DAG46 than on DAG40 (Fig

2.10). These results suggested that gad1245 was more affected than WT and pop2-8 by

salinity, in line with its more severely impacted biomass and water content (Fig 2.9, B.5).

2.2 Discussion

Studies on salt-treated wheat leaves have shown that the GABA shunt is invoked to

bypass elements of the TCA cycle under salt stress in order to provide energy to stressed

plants (Che-Othman et al., 2020). There is also evidence that salinity induced GABA

accumulation in Arabidopsis could involve GAD1 and GAD2 post-translational activation

through cytosolic calmodulin and GAD4 expression (Zarei et al., 2017). The balance

between cell proliferation and differentiation of root-tip greatly affects root system growth

(Petricka et al., 2012). Cells in the meristematic zone (MZ) exhibit higher rates of division

but they do not elongate, while cells in the elongation zone (EZ) are the opposite and

they start to differentiate. Lateral roots, as well as root hairs, are developed in the

differentiation/maturation zone (DZ) of the main root, where the cells are fully elongated

and undergo differentiation to acquire specific characteristics and functions (Menand et al.,

2007). Salinity inhibits root growth through both cell division and cell elongation. In this

study, under control and salinity conditions, root growth of Arabidopsis was affected when

the GABA-shunt pathway was disturbed.

Among the five glutamate decarboxylase genes (GADs) in Arabidopsis genome, GAD2

is constitutively expressed in all organs (most abundant transcripts in leaves), GAD1

is mainly expressed in roots while the expression of GAD3, GAD4, GAD5 is generally

weak in all organs (Bouché and Fromm, 2004; Zik et al., 1998) with some exceptions. For

example, salinity could induce GAD4 expression in WT seedlings (Renault et al., 2010;

Zarei et al., 2017) and gad1/2 roots (Mekonnen et al., 2016). WT roots contained seven-

and eight-fold higher GABA than the roots of GAD1 knockout mutants under control and

heat stress conditions, respectively (Bouché et al., 2004), indicating GAD1 is essential

for sustaining root GABA content. The Arabidopsis gad2-1 and gad1/2 both have been

reported to have remarkably reduced GABA concentration, larger stomata aperture and

defective stomata closure than WT plants (Mekonnen et al., 2016; Xu et al., 2021). Also,

in pop2-8 lines, the consumption of GABA to SSA and the following feeding into the TCA

cycle is blocked. The pop2 plants have much higher GABA content than WT plants under

both control and stressed conditions (Renault et al., 2010). Therefore, all of the above

scenarios significantly affect the efficiency of the GABA shunt pathway and the GABA

concentration in plants.

Lack of GABA in roots inhibited Arabidopsis root growth. In this study, gad1245
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and gad1KO seedlings (less than one week old) had shortest main roots among all lines

when grown on 1/2 MS (Fig 2.1). Interestingly, when germinated for 4 days on 1/2 MS

media that did not contain sucrose, gad2-1, gad1245 and pop2-8 all had significantly

shorter main roots than WT, only gad2OE B33 maintained the same MRL as WT (Fig

B.2). gad1245 and pop2-8 had the shortest main roots, and the MRL of gad2-1 were

larger than gad1245 but smaller than gad2OE (Fig B.2). These results suggested that

adding a minimal amount sucrose into the media could compensate the root elongation

inhibition of gad2-1 and pop2-8, but not the inhibition of gad1245.

When directly grown on 100 mM NaCl media (- sucrose) for a week, although the majority

GABA mutants had shorter main roots than WT, gad1KO and gad1245 root elongation

was still the most inhibited while gad2-1 not affected (Fig B.3). On the contrary, the loss

of GAD2 did not impact the root elongation within the first week for plants either grown 5

d on control media with sucrose (Fig B.2) or grown 7 d on salt media without sucrose (B.3).

The reason gadKO and gad1245 plants which obtained an initial root growth inhibition

in the first week after germination could be likely due to a lower availability of GABA

in their roots. This study showed that blocking GABA production of either the whole

plant (gad1245 ) or only roots (gad1KO) greatly inhibited root growth, highlighting the

regulation of earlier stage root elongation by GAD1 in Arabidopsis seedlings.

When WT and GABA-deficient lines (gad1KO, gad2-1 and gad1245 ) plants with similar

root length were transferred to new media (Fig 2.2), gad1245 had the a significantly

greater main root growth rate over the other lines only on control but no salt media (Fig

2.3a, Fig 2.3b). As there was no significant difference in MRGR between them on salt

media, it seems at a later stage when plants were bigger, these three GABA-deficient lines

could cope with the stress better. Different metabolism could be involved between in these

GABA-deficient lines and the other mutants to achieve the same goal. Exogenous GABA

improved Ca(NO)3 tolerance of muskmelon pants through promoting both polyamine and

GABA biosynthesis (Hu et al., 2015). Polyamine pathway was proposed to contribute to

GABA accumulation in Arabidopsis leaves and soybean roots under salinity (Zarei et al.,

2016; Xing et al., 2007) as well as in tea (Zhang et al., 2022). So, it is possible that the

GABA-deficient lines could have GABA produced through the PA pathway that could

be used. However, the larger MRGR reduction in gad1245 induced by salt stress still

means that gad1245 was relative sensitive to salt stress than the other lines, and suggests

the importance of GABA production through the GABA shunt pathway. As mentioned

earlier, induced GAD4 expression under salinity was observed (Renault et al., 2010; Zarei

et al., 2017), while this cannot happen in gad1245.

The MRGR of gad1* was higher than WT only when transferred to control but not to

saline media, this is the same as gad1245. However, gad1* did not result in the change of

GAD1 expression (Table 1.2, Fig A.1), and the GABA shunt pathway may be much less
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affected than the other mutants. For gad1245, as very little of GABA can be produced

through the GABA shunt pathway, the other alternative pathways could be potentially

contributing to plants coping with salt stress. For example, polyamine was reported to

regulate plant stress responses (Podlešáková et al., 2019). Salinity-induced accumulation

of GABA is reduced by 39% by aminoguanidine, a diamine oxidase inhibitor that represses

the production of Put (in the polyamine pathway) (Xing et al., 2007). Apart from the

polyamine metabolism mentioned above, the amino acid metabolism such as arginine,

proline, alanine and glutamate are all closely related to the GABA shun pathway (Section

1.2.2.2, 1.2.2.1), and they may play a role in the adaptation to salt stress, especially for

gad1245. GABA regulation of photosynthesis system and activities of antioxidant enzymes

has been reported to confer salt tolerance (Li et al., 2016a). In addition, when hydroponi-

cally grown for 7 d with the addition of 50 mM NaCl, gad1* also had greener leaves than

WT (Fig B.4), suggesting GAD1 expression and sufficient GABA could contribute to the

photosynthesis processes in this line.

Disturbed GABA shunt pathway affected biomass. Greater MRGR could con-

tribute to the greater fresh weight of gad1* and gad1245 found under control conditions.

Studies have shown that GAD2 generated cytosolic GABA regulates stomatal opening

and water use efficiency, and gad2-1 and gad2-2 has larger stomata aperture and stomata

conductance than WT under drought (Xu et al., 2021). This could result in a higher

rates of gas exchange rate in the gad2-1 mutants, that contribute to maintaining the same

vegetative growth as WT. gad1245 and pop2-8, which had the most affected GABA shunt,

were both able to exclude shoot sodium and keep similar amount of shoot potassium as

WT did. Further explorations of specific pathways and/or prior-stress priming due to the

mutation are needed to identify their greater growth under control condition and relative

salt sensitive/tolerant phenotypes.

MRGR of GAD2 over-expression lines promotes main root growth after trans-

ferred to control but not saline media. Among the two GABA-accumulating lines,

gad2OE B33 grew faster than pop2-8 if not stressed if the media contained sucrose (Fig

B.2), but when directly grown on 1/2 MS + 100 mM NaCl that didn’t contain sucrose, the

two lines had similar root growth (Fig B.3). This may be due to the constantly driving

by a 35S promoter in gad2OE B33 could be an energy-consuming process, when plants

are under stress (e.g. salinity) or during energy crisis (e.g. no sucrose in the media), this

could affect root growth.

pop2 sensitivity to salinity showed ecotype differences. In this study, two GABA-T

knock out mutants and their wildtype from different ecotypes were used. We found that the

pop2-1 to be salt-sensitive while the pop2-8 to be salt-tolerant, this is in accordance with

some of the previous studies (Renault et al., 2010; Su et al., 2019). The ecotype-dependent

55



responses could be explained by that the fact that pop2-1 was sensitive to ionic stress

but not osmotic stress Renault et al. (2010), and in my case, the plants were grown on

salt media for over a week, which is quite a long period of time for the young seedlings.

The other possible reason may be in pop2-1 the over accumulated GABA to an excessive

amount beyond a particular threshold that is harmful to plants (Su et al., 2019). Thus,

the pop2-1 plants were probably not able to exclude the stress-induced accumulation of

Na+ and Cl+ stress from root to shoot.

While for the Columbia pop2-8 it was another story. GABA could improve plants salinity

tolerance through regulating Na+/K+ ratio and K+ content, as well as ROS pathway. It

was found that hydroponically grown 4 weeks old pop2-5 leaves accumulated lower H2O2

after 12 h of 100 mM NaCl stress, they also had the lowest Na+/K+ ratio, compared with

WT and gad1/2 double mutant Su et al. (2019). In my experiments, only plate-grown

pop2-8 seedlings showed salt-tolerance but not the hydroponically grown plants. This could

be due to on the plates it was medium salt stress (50 mM, 75 mM) and the media contains

sucrose. While my hydroponic plants were stressed with 75 mM NaCl, they were much

older and maybe not the most sensitive growing stage. Also my solutions for hydroponics

is BNS which is not as rich in nitrogen as 1/2 MS media, and plants were stressed for 6

days so a shorter period of time, so they may have reached an adaptive balanced state.

Interestingly, whenpop2-8 plants were grown on 1/2 media without sucrose they lost any

growth advantage under saline conditions compared to the other genotypes (Fig B.3). In

fact, pop2-8 had significantly shorter main roots than gad1* and gad2-1, which suggests

that carbon balance is important for determining how altered GABA metabolism impacts

stress tolerance.

Overall, this study showed that lacking of GABA in the roots in the short term affected root

growth whether under salinity or not, especially when grown on media without sucrose, with

the gad1KO and gad1245 being the most sensitive to salinity. However, GABA mutants

were able to keep or exceed the same root growth in the long term compared to WT,

especially in the case of gad1* and gad1245 if not stressed. The mutants also maintained

similar or even higher biomass compared to WT plants, suggesting the compensatory

effects due to disturbed GABA shunt, possibly through regulating polyamines and other

amino acid metabolism. The different sensitivity WT and pop2 plants to salt stress from

two ecotypes suggests that there is natural variance in stress tolerance.

2.3 Materials and methods

GAD1 expression of Arabidopsis T-DNA mutants. Arabidopsis gad1KO, gad1*

T-DNA insertion homozyous mutants in the Col-0 background were obtained from The
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Arabidopsis Information Resource (TAIR). Primers designed for confirming homozygous

lines were gene specific left primer (LP, 5’-GTGGACTGACTTACCTCGTGG-3’ and 5’-

ACAAAAACGGTGCAATGAATC-3’ for gad1* and gad1KO, respectively), right primer

(RP, 5’-GGAGCCAATGTTCAAGTAACG-3’ and 5’-TTATTTCCGCAAATACCATCC-

3’ for gad1* and gad1KO, respectively), and left T-DNA border primer LBb1.3 (5’-

ATTTTGCCGATTTCGGAAC-3’). GAD1 expression in the roots and shoots of the

two GAD1 lines were examined as using real time quantitative PCR. Both tissue from

2 weeks old plants were snap-frozen and ground to fine powder in liquid nitrogen, then

transferred to a 2-mL microcentriguge tube with 1 mL TRIZOL-like reagent (TRIzol RNA

Isolation Reagents, Invitrogen). 200 µL acidic chloroform was added to the mixture, which

was centrifuged at maximum speed for 15 min at 4 ◦C. The supernatant was transferred

to tubes containing 500 µL 100% Isopropanol, mixed and incubated at 4°C for 10 min,

then centrifuged at 11,400 rpm at 4 ◦C. The isolated RNA pellet was washed in 1 mL

75% ethanol and air-dried, then resuspended in 20 µL nuclease-free H2O. The RNA

eluate was treated with DNase using a TURBO DNA-free kit (Ambion) according to the

manufacturer’s instructions to remove any of genomic DNA contamination. RNA integrity

was evaluated using gel electrophoresis as well as spectrophotometry (ND-1000; NanoDrop

Technologies), and RNA quantity was measured using fluorometrically (Invitrogen Qubit®
fluorometer).

For cDNA synthesis, 5 µg of total RNA was used in combination with SuperScript III

Reverse Transcriptase (Invitrogen) and oligo(dT) primers (Promega) in a 20 µL reaction

system accordance with the manufacturer’s instructions. Primers used in qPCR for identify-

ing the GAD1 gene expression were GAD1-Fwd (5’-TCTCAAAGGACGAGGGAGTG-3’)

and GAD1-Rev (5’-AACCACACGAAGAACAGTGATG-3’). The PCR results confirmed

that gad1KO is a knockout line while gad1* still maintained the expression of GAD1 in

both leaves (Fig A.1a) and roots (Fig A.1b).

Growth conditions, root growth and hydroponics assays. The plants were grown

at the same time and seeds were harvested before the experiment, so that the seeds were of

similar age. Seeds were surface sterilised in 70% (v/v) ethanol for 3 min, rinsed with sterile

distilled water three times, and then dried in the fume hood. After cold stratification in

the dark for 2-3 days, the petri dishes (vertically placed unless stated horizontally) were

kept in a growth chamber at average day/night temperature of 23/19 ◦C, 60-75% relative

humidity, and 120-150 µmol ·m−2·s−1 photosynthetic photon flux density (PPFD) with a

day/night cycle of 10/14 h (short day) or 16/8 h (long day) for up to 3 weeks. Three days

after germination (DAG3), the square petri dishes (referred to as plates) were scanned

every day or every other day. Seedlings were harvested at the end of experiments to

measure fresh weight (FW), dry weight (DW), leaf sodium, potassium and chloride contents.
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For root growth assays, young seedlings (<3 weeks old) were used. Seeds were sown and

grown on 1/2 MS plates, and 0.1% sucrose was added to the media unless stated otherwise.

Four or five days after germination (DAG), plants with similar root length were transferred

to new media with or without the addition of NaCl (50, 75 or 100 mM). These plants were

referred to as “Control plants” (without NaCl) and “Salt stressed plants” (with NaCl).

The RSA parameters and main root growth rate were discussed in more details using

transferred plants. Alternatively, plants were grown on same plates (without transferring),

and these results were mainly shown in Section 2.1.1. Multiple repeats of each experiment

were performed (n > 3).

For the hydroponics salt assay, mature seedlings (>3 weeks old) were used following a

protocol developed previously (Conn et al., 2013; Qiu et al., 2016). Salt stress was induced

by adding 75 mM NaCl (supplemented with 3 mM CaCl2) when changing the solution

from Germination Buffer (GB) to Basal Nutrient Solutions (BNS). Dried shoots and roots

were ground, digested in concentrated 1% HNO3 at 100 ◦C for 3h and then analysed on

a flame photometer to determine Na+ and K+ content. The shoot water content was

determined as following: the entire shoot of control and salt stressed plants were harvested

and immediately weighed for shoot fresh weight (FW), then wrapped in an envelop and

oven dried at 80◦C for two days to measure dry weight (DW). Water content (WC, %)

was calculated using equation 2.1 (Mekonnen et al., 2016).

WC(100%) =
FW −DW

FW
×100 (2.1)

Data analysis. Root System Architecture (RSA) parameters, i.e. Main Root Length

(MRL), Lateral Root length (LRL), Total Root length (TRL) and Lateral Root Number

(LRN) were measured using ImageJ software with the plug-in SmartRoot(Lobet et al.,

2011). Main root growth rate (MRGR) was calculated as the slope (MRL ∼ DAG) of line

plots of individual plants during the linear growing phase. See Fig 2.11 as an example.

Lines plots for 6 seedlings from a plate were generated in order to further calculate MRGR.

Data was analysed and presented using R (version 4.0) and GraphPad Prism (version

9.0.0) software. One-way ANOVA, two-way ANOVA, Student’s t-test (equal population

variances) and Welch’s t-test (unequal population variances) were conducted.
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Figure 2.11: Line plots of main root length for 6 seedlings after transfer to new 1/2 MS media.
Half WT and half GABA mutants were grown on each plate.
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CHAPTER 3

The role of GABA under hypoxia

Floods are among the most common natural hazards, and plant GABA content is reported

to be dramatically increased under flooding (Michaeli and Fromm, 2015; Shelp et al.,

2017). Flooded plants encounter an energy crisis, low oxygen, and low light as well as

other co-occurring stresses such as higher risks of pathogen and insect attack. Different

flooding tolerance in plants also can result in varied survival rates during the following

post-flooding recovery, when challenges such as high light, dehydration, oxidative stress

occur, and senescence is induced. Post-hypoxic injuries due to excessive generation of

reactive oxygen species (ROS) and aldehydes are common (Yeung et al., 2018). For a

detailed review see Chapter 1 Section 1.4. There are still some gaps in the exact role

that GABA plays in hypoxia under mid to long term natural floods (day/light cycles),

as many previous studies induced dark and/or short term submergence which is often

only to the rootzone, and their focus was not on how GABA contributes to hypoxia

acclimation. The GABA shunt is the primary GABA metabolism pathway: glutamate

decarboxylase (GAD) catalyses glutamate into GABA, which is converted to succinic

semialdehyde (SSA) by GABA transaminase (GABA-T) (Chapter 1 Section 1.1 for GABA

metabolism). The Arabidopsis genome contains five GAD genes and one GABA-T gene.

In this research, multiple GAD mutation lines and one GABA-T mutation line which

had disturbed GABA metabolism were used, and are referred to as ‘mutant(s)’ or ‘GABA

mutants’ (described comprehensively in Chapter 1 Table 1.2). The gad2OE line in this

chapter is the same as the gad2OE B33 in the last chapter 2. Whole plant submergence

took place over a period of 6 d under day/light cycles (dimmed light) followed by 2 d

recovery (de-submergence/re-oxygenation under standard light), and rosette leaves were

collected. By investigating the acclimation responses of GABA mutants with a disturbed

GABA-shunt pathway at physiological and molecular levels, as well as their metabolic

profiles, a better mechanistic understanding on the role of GABA during submergence and

recovery will be achieved. The goal of the present study is to decipher the contribution of

GABA in the regulatory networks governing plants tolerance and/or adaptation to flooding.

61



Potential quantum efficiency of Photosystem II (Fv/Fm was the highest at the end of

experiment in the two GAD1 lines and gad2-1, while pop2-8 had the lowest Fv/Fm

and relative water content (RWC) after recovery indicating less and more damage to

photosynthetic capacity, respectively. GABA concentration was consistently highest in

pop2-8, suggesting that not being able to use GABA seemed to be doing more harm than

very low levels of GABA in the gad knockout plants. RNAseq analysis showed that all

GABA mutants already had significantly affected gene expression prior to hypoxia treat-

ment involved in various metabolic processes such as amino acid and organic metabolism,

as well as signal transduction, which was accordance with the altered amino acid and

organic acid content measured with the metabolomic analysis. In addition, genes involved

in oxygen-sensing, ion transport and stomatal function were also affected differently in

GABA mutants under both control conditions and in response to submergence. Among

them, gad2-1 up-regulated genes were enriched in four oxygen-response GO terms under

control conditions while all other mutants were not, suggesting the disturbed GABA shunt

pathway influenced oxygen sensing in these mutants. Up-regulation of such pathways may

be beneficial (in the case of gad2-1 ) for the subsequent submergence. After submergence,

pop2-8, gad2OE and gad1KO down-regulated genes encoding light-harvesting chlorophyll

protein complex (LHC), chloroplast protein localisation and photosythesis but up-regulated

genes positively regulate senescence. These observations were in accordance with the

Fv/Fm changes among these mutants.

3.1 Results and discussion

3.1.1 An impaired GABA shunt pathway increases sensitivity

to submergence and recovery

Photosynthesis and aerobic respiration in submerged plants are dramatically restricted

due to limited oxygen and light availability under water. Therefore, they encounter

major challenges that greatly affect plant growth and survival during submergence are

carbohydrate starvation and an energy crisis, which typically affects biosynthetic processes,

plant growth and survival (Fukao et al., 2019). To investigate the physiological and

photosynthetic responses of WT and GABA mutants under normal and hypoxia, biomass,

relative water content and Fv/Fv were collected (Fig 3.1, 3.2, 3.3).
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Figure 3.1: Representative phenotypes of WT and GABA mutants under control, submergence
and recovery. Photos were taken before sampling and measuring Fv/Fm.

The phenotype of WT and the GABA mutants under control, submergence and recovery

is shown in Fig 3.1. On visual inspection, the WT rosettes appeared to be a little smaller

than GABA mutant lines, and gad2-1 had the most green leaves after 2 d recovery, in

contrast to gad2OE and pop2-8, but no other apparent differences could be visually ob-

served. In general, the two mutants with the most disturbed GABA shunt pathway, pop2-8

and gad1245, unlike the rest of the accessions, were affected the most by submergence

and seemed to recover the least. A detailed quantified account of these experiments follows.

Fresh weight. Under control conditions, shoot fresh weight between all lines did not

show significant differences (Fig 3.2a) although WT rosettes were visually a little smaller

(Fig 3.1). Compared to control plants, after 6 d submergence, gad1*, gad1KO and gad2-1

shoot fresh biomass showed a greater increase (95%, 51% and 102%, respectively) than

that of the WT, gad1245 and GABA over-accumulating lines (gad2OE and pop2-8 ). At

the end of submergence, these three lines maintained a significantly higher shoot fresh

weight than that of the WT; gad1* also had much greater shoot fresh weight than gad2OE.

Compared to submerged plants, the following 2 d recovery did not alter vegetative growth

significantly; less than 50 mg increased/decreased mean fresh weight was observed for all

six GABA mutants, while WT gained 87 mg fresh weight. At the end of recovery, only

two lines, gad1245 and gad2OE, did not show a significant gain of shoot fresh weight (only

approximately 24% increase) compared to their pre-submergence control plants, while

gad1* and gad2-1 had the greatest fresh weight gain (over 83%).

Dry weight. The general response and pattern of shoot dry weight to control, submer-
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gence and recovery was similar to that of fresh weight. Under control conditions, there was

no significant difference in the shoot dry weight between any of the lines, except WT dry

weight was significantly lower than gad1245 (Fig 3.2b). Compared to control plants, after

6 d submergence, gad1* mean dry weight increased by 83%, while no significant increase

in mean dry weight was observed in WT (49%), gad1KO (34%), gad2-1 (67%) and pop2-8

(42%), with mean dry weight of gad1245 and gad2OE also unchanged. Compared to the

other lines under submergence, WT and gad2OE had the lowest dry weight while gad1*

and gad2-1 had relative highest dry weight. Compared to the submerged plants, after 2 d

recovery, no significant changes in all lines were seen using two-way ANOVA; mean dry

weight of WT increased by 75%, with most GABA mutants (20∼40%) and pop2-8 had

no mean weight increase. At the end of recovery, compared to pre-submergence control

plants, the two GAD1 lines (gad1*, gad1KO) and gad2-1 showed significant shoot dry

weight increase (120%, 89% and 105%, respectively) than that of gad1245 or GABA

over-accumulating lines such as and gad2OE and pop2-8 (35∼38%).

The above results likely indicate that GABA accumulation has a key role in regulating

shoot biomass under hypoxia conditions. Overall, among all GABA mutants, the lesser

vegetative growth of gad1245 and gad2OE occurred mostly during submergence, while

pop2-8 did not grow during recovery. gad1* also showed greater biomass increase than

WT, which could possibly be correlated to the GAD1 expression in this line (Fig A.1).
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Figure 3.2: Rosette biomass and relative water content changes under control, submergence
and recovery in WT and GABA mutants. Rosette fresh weight (a), dry weight (b) and relative
water content (c) are the mean ± SE of at least 3 biological replicates. Different uppercase and
lowercase letters represent statistically significant difference within treatments and genotypes,
respectively (two-way ANOVA, post hoc Tukey, p < 0.05). For example, A, B and C indicates
significance between treatments within one line, while a, b and c indicates significance between
different lines in one treatment.

Relative water content. In terms of leaf water management, relative water content

(RWC) reflects the balance between transpiration rate and water supply to the leaf tissue.

Significant differences of RWC were observed between multiple lines under control condi-

tions (Fig 3.2c); among them, the two GAD1 lines shoot RWC (<69%) were significantly

lower than gad1245, gad2OE. Although no dehydration or senescence symptoms were

visible (Fig 3.1), the various RWC among GABA mutants suggested that a disturbed

GABA shunt pathway already altered water loss under non-stressed conditions. Not

surprisingly, subjecting to 6 d submergence greatly increased shoot RWC in all lines

compared to there own control plants; in terms of percentage increase, the two GAD1

lines, especially gad1*, increased the most (38%) while gad2OE increased the least (10%).

At the end of submergence, the gad1* shoots had higher RWC (95%) than WT, gad1245
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and gad2OE shoots (88%), which for the mutants was an opposite trend. Compared to

submerged plants, 2 d recovery resulted in a significantly decreased mean shoot RWC

in the two GAD1 lines (12%), gad1245 (8%) and pop2-8 (11%). Among all recovered

plants, pop2-8 shoots had the lowest RWC (being significantly lower than gad2OE, gad2-1,

gad1* and WT, with all other lines maintained above 80% RWC in the leaves. At the

end of recovery, all lines had increased shoot RWC compared to their pre-submergence

control plants, except for pop2-8 whose shoot RWC dropped to pre-submergence levels. In

another independent experiment using the same hydroponic system as in Chapter 2 with

no aeration of the growth solutions (thus imposing root submergence only), pop2-8 RWC

decreased the most after 9 d root submergence (Fig C.1). Note that the root submergence

experiment was conducted in a different lab and under different growth conditions (10/14

rather than 14/10 day/night circles) underlining the robustness a higher water loss in

pop2-8 plants with the most disturbed GABA shunt efficiency due to lacking the activity

of GABA-T.

Fv/Fm. Biomass gain and water management may be related to photosynthetic capacity,

as reflected by Fv/Fm. Fig 3.3 showed that Fv/Fm across all lines were significantly

decreased after submergence. Under submergence, compared to WT, gad1* and gad2-1 and

gad1245 had higher Fv/Fm, while Fv/Fm values in gad1KO the two GABA-accumulating

lines gad2OE and pop2-8 was the same as WT, indicated the former threee lines had

the less photosystem II damage as WT. This observation indicates the involvement other

GABA metabolism pathways in submerged plants in addition to the primary GABA-shunt

pathway, as biosynthesis of GABA through the GABA-shunt is totally blocked in gad1245,

yet photosystem II damage in this line was not as severe as in the two GABA-accumulating

lines. Following returning to normal growth conditions for 2 d, only gad1* showed a full

recovery. On the contrary, gad1245 Fv/Fm did not increase at all and pop2-8 Fv/Fm

significantly decreased compared to their own pre-recovery submerged plants. The rest of

the lines were able to recover to some extent though could not maintain their before-stress

Fv/Fm levels. These results revealed the importance of GABA metabolism (especially

GABA catabolism) not only under submergence but also during recovery, and suggests it

is catabolism rather than biosynthesis that seems to be playing an essential role for plants

to cope with post-hypoxic stresses. Constitutive promoters, unlike native promoters, drive

gene expression under all conditions and thus will lead to diversion of energy. This could

partially explain why Fv/Fm of gad2OE decreased more than GABA-deficient lines upon

submergence (energy already very limited), yet increased upon 2 recovery, while gad1245

and pop2-8 did not (blocked GABA biosynthesis and catabolism of GABA being more

detrimental than constitutive promoter during post-hypoxic recovery).

Varied tolerance to submergence may be due to the submergence phase and/or the recov-

ery phrase. It could be clearly seen that GABA mutants and WT had different rates of
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Figure 3.3: Quantum yield (Fv/Fm) changes under control, submergence and recover (2 §d
desubmergence) in WT and GABA mutants. Fv/Fm are means ± SE of leaves from at least
3 biological replicates, specifically, WT (6,4,3), gad1* (4,4,5), gad1KO (3,4,7), gad2-1 (3,6,6),
gad1245 (4,6,5), gad2OE (3,6,9) and pop2-8 (3,8,3) under control, submergence and recover.
Letters indicate statistically significant differences between treatment in genotyope and stars
indicate statistically significant differences between WT and mutants in the same treatment
(Brown-Forsythe and Welch one-way ANOVA tests, Dunnett T3 adjusted p < 0.05). * P < 0.05.
** P < 0.01 *** P < 0.001. **** P < 0.0001.

vegetative growth and relative water content under control conditions and in response to

submergence and recovery (Fig 3.2). The distinct pattern that gad1* and gad2-1 main-

tained i.e. relative higher biomass and greater vegetative growth under submergence and

recovery period than gad1245 and the GABA accumulating lines (gad2OE and pop2-8 ),

suggests the latter were less tolerant to hypoxia and post-hypoxic stress, and experienced

more severe energy crisis and oxidative stresses. This could be at least partially due to

their more severely impaired photosynthetic capacity in gad2OE and pop2-8 after 6 d

submergence, as they both had the more reduced Fv/Fm than the other lines (Fig 3.3). On

the contrary, Wu et al. (2021) recently reported otherwise that pop2-5 maintained higher

shoot fresh weight, chlorophyll content and Fv/Fmcompared to the gad1,2 double mutant,

therefore it was more tolerant to waterlogging (for 2 weeks). The inconsistent observation

compared to what was observed here maybe due to using a different GABA-T line pop2-5

(GABI 157D10) and/or the leaves were not submerged, both of which potentially could

affect the phenotypes and underlying mechanisms.

Yeung et al. (2018) evaluated Arabidopsis wild type lines that were tolerant (Lp2-6) and

sensitive (Bay-0) to submergence and reported that the difference in tolerance was mainly

due to differences in the recovery phrase. After 5 d dark submergence, the two lines had

similar shoot dry weight, relative water content and chlorophyll content; but after 5 d
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recovery, Lp2-6 was able to maintain more chlorophyll and higher water than Bay-0 as

well as to increase dry weight while Bay-0 could not. To eliminate the effects of darkness,

they subjected both lines to dark treatment only, and saw leaf senescence without clear

phenotypic differences, confirming the difference in survival was mainly determined by

reaeration rather than submergence. In my research all plants were subjected to light sub-

mergence and therefore they had increased biomass (Fig 3.2) due to a partially functioning

photosynthesis system (Fig 3.3). The shift from submergence (lower light) to recovery

(higher light) leads to phototoxic damage to PSII. In rice, Fv/Fm can rapidly recover to

their pre-submergence level after 2 h recovery, while during early recovery, a considerably

decline of Fv/Fm was observed in rice, Arabidopsis, and three grass species (Alpuerto

et al., 2015).

In another independent experiment I conducted, soil-grown plants were subjected to

5 d stress (either darkness or light submergence) and then returned to normal growth

conditions for another 5 d. Darkness on its own did greater harm to GABA mutants

than to WT plants, as some mutants displayed more leaf senescence than WT (Fig C.2a),

with gad2OE being the most visible and therefore, more sensitive to energy crisis than

other mutants (possible due to the constitutive promoter). Moreover, after 5 d recovery

from darkness, pop2-8 had significantly greater shoot fresh weight, and a higher but not

significant shoot dry weight and RWC than gad2OE, meaning it could adapt better during

post-darkness phrase (Fig C.2b, C.2c, C.2d). This suggests similar conditions may have

been imposed by Wu et al. (2021).

Stomata are key regulators of gas exchange, e.g. CO2 uptake and water loss during

photosynthesis and transpiration, respectively; stomatal pores formed by pairs of guard

cells in epidermis of plant shoots, and their movements can be regulated by abscisic acid

and light (ichiro Shimazaki et al., 2007; Munemasa et al., 2015). Previously gad2-1 has

been reported to exhibit greater stomatal conductance and wider stomatal pores than wild-

type plants (Xu et al., 2021) under non-stressed conditions. This could probably explain

why gad2-1 had a lower RWC than both WT and pop2-8 after recovering from darkness

(Fig C.2d), possibly due to a higher water loss. In the meantime, all dark-recovered

plants were able to maintain higher fresh weight than submergence-recovered plants, but

no differences could be seen in terms of dry weight or relative water content (Fig C.2),

suggesting a higher water loss and a decreased turgid weight during post-submergence

phase as common responses. Taken together, darkness effects could not be eliminated if

the GABA mutants were submerged under dark conditions, and submergence under light

in the current research makes perfect sense.
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3.1.2 Transcriptomic differences between WT and GABA mu-

tants

Prior to investigating the underlying molecular changes in GABA mutants that can be

associated with responses to submergence, transcriptome analyses for all lines under control

conditions were carried out first using RNA-seq to examine the main differences in their

transcriptome profiles. So, in the following sub-section only control plants will be analysed

and the submerged plants will not be included, starting with the multi-dimensional scaling

(MDS) principal coordinate plot and identifying differential expressed genes (DEGs) in

each of the GABA mutants compared to WT.

3.1.2.1 Identification of differentially expressed genes in GABA mutants

under control conditions

Biological replicated samples from the same genotype clustered together in the MDS

principal coordinate plot (Fig C.3), although there was a large variation in one of the WT

samples. Dimension 1 separates WT from GABA mutants, while dimension 2 roughly

corresponds to different GABA mutants, so next the gene profiles of each GABA line

compared to WT were analysed. After filtering the lowly expressed genes (i.e. genes with

less than five counts in a quarter of all samples), there were in total 18,805 genes left

across the 21 libraries, and their distribution were shown in Fig C.4. Compared to WT, in

general there were more genes down-regulated in the mutants than up-regulated, and the

up-regulated genes also had a smaller fold-change range than down-regulated genes (Fig

C.4). Only genes that were up- or down- regulated with |log2FC| > 1 and Bonferroni

adjusted P value adj.P < 0.05 by pairwise comparisons in at least one mutant were re-

garded as differentially expressed genes (DEGs), and these genes were highlighted (Fig C.4).

Overall 3494 genes showed a significant changes in transcript abundance across all six

mutant lines. Specifically, gad1* had the least (915) while pop2-8 had the greatest (2133)

number of DEGs compared to WT. UpSet plotting (Fig 3.4) and hierarchical clustering

(Fig 3.5) were performed to visualise the expression profiles/patterns of these DEGs in

GABA mutants. 753, 282 and 260 DEGs uniquely showed up in pop2-8, gad1245 and

gad2-1, respectively, while the other three GAD lines had less than 100 exclusive DEGs

(Fig 3.4). Collectively, nearly half (43.1%, 1506 genes) of the total 3494 DEGs were

uniquely regulated in GABA mutants. In correspondence with Fig 3.4, pop2-8, gad1245

and gad2-1 had the largest number of exclusively up-/down- regulated genes as well (Fig

3.5a). There were also 469 DEGs (13.4%) shared across all six GABA mutants, leaving

the rest 1519 DEGs (43.5%) shared between 2 ∼ 5 mutants (Fig 3.4). Most shared DEGs

were in the same regulated direction (Fig 3.5a), and only 67 genes had opposite expression

patterns (Fig 3.5b): up-regulated in one or more lines but down-regulated in the other
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Figure 3.6: Log2 fold change of oppositely regulated DEGs in GABA mutants under control
conditions. The fold change in mutants was normalised against WT.

The other Class II genes (induced in pop2-8 and mainly repressed in gad2-1 and/or

gad1245 ) encode proteins that are mainly involved in the following processes. Chloro-

plast development: Fructokinase-like 2 (FLN2) and PEP-related development arrested 1

PRDA1). Response to stress, nitrogen, hormone (e.g. BR), pathogen attack and plant

cell death: Cysteine-rich Receptor-like protein Kinase 30 (CRK30), EXORDIUM (EXO),

BTB and TAZ domain protein 2 (BT2). Transcriptionally active chromosomes (TACs)

are plastid-encoded RNA polymerases (PEP) associated proteins/DNA-complex (Pfalz

et al., 2005). Thioredoxin z (TRX z) interacts with FLN1 and FLN2, two of the TAC

components, to regulate the PEP-dependent genes transcription and chloroplast develop-

ment (Arsova et al., 2010). fln2-4 mutant had albino phenotype which can be alleviated

by adding sucrose to the media (Huang et al., 2015). CPK30 belongs to a family of
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plant Receptor-like protein kinases (RLKs) that contains cycterine-rich repeats at their

extracellular domains, thus called Cysteine-rich Receptor-like Kinases (CRKs); RLKs

regulate developmental processes and biotic/abiotic responses, and CRKs are suggested to

be important in regulating pathogen defense and programmed cell death (Wrzaczek et al.,

2010). BT2 regulates responses to various hormones, stress and metabolic conditions in

Arabidopsis thaliana, and loss of BT2 causes hypersensitivity and decreased germination

rate in response to sugar, ABA and H2O2; BT2-mediated responses to sugars and hormones

were regulated by Global Transcription factor Group E proteins (GTE), GTE9 and GTE11

(Misra et al., 2018). The direct transcriptional activation of BT2 by nodule inception-like

protein (NLP) TFs also plays a key role in Arabidopsis nitrate response (Sato et al.,

2017). EXO is localised to the cell wall and identified as a potential mediator of BR-

promoted growth though cell expansion. In Arabidopsis this gene family has eight members,

and over-expression of EXO promotes plant growth (shoot and root), presumably due

to BR-responsive environmental or developmental signalling network (Schröder et al., 2009).

Class III oppositely regulated DEGs in non-stressed GABA mutants. These

genes were mainly oppositely regulated between gad1245 and the two GAD1 lines and

they are stress/hormone inducible. For example, the expression of Cold-regulated 413

inner membrane protein 1 (COR413IM1) and cold-responsive 6.6 (COR6.6/KIN2) are

both induced by cold and ABA treatment, and they are also involved in salt tolerance.

Taken together, the inconsistently altered abundance of the above transcripts in pop2-8,

gad1245, gad2-1 and two GAD1 lines probably suggested that, under normal growth condi-

tions, these GABA mutants had different transcriptional changes which would potentially

be more/less beneficial to the upcoming submergence.

Expression of core HRGs in GABA mutants under control conditions. Core

hypoxia-responsive genes (Table A.1) have been reported to be ubiquitously and rapidly

activated and translated upon hypoxia stress (Mustroph et al., 2009). Surprisingly 15

HRGs showed up as differentially expressed in the GABA mutants even when non-stressed:

seven down-regulated in one or more mutants and eight up-regulated uniquely in only

one mutant (Fig 3.7). ADH and PDC are the two main enzymes involved in fermentative

pathway. Compared to WT, ADH1 had a lower expression in all mutants while PDC1 was

only down-regulated in gad2-1. Using the enzyme sucrose synthase (SUS) to breakdown

sucrose usually happened during hypoxia as a target to save ATP usage, however, one

of the SUS genes, SUS4 is already up-regulated in gad2-1 under normoxic condition.

The phyA signalling related FHL (mentioned above) was also up-regulated in gad1245.

LOB domain-containing protein 41 (LBD41) is a transcription repressor, and hypoxia

dramatically induces its transcript level (Mustroph et al., 2009). LBD41 transcripts were

lower in the two GAD1 mutants. For genes encoding Hypoixa Unkown Proteins (HUPs),
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HUP54 had lower expression in gad1KO, gad2OE and pop2-8, but HUP39 expression was

induced in gad2-1.
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Figure 3.7: Log2 fold change of core hypoxia-responsive genes in GABA mutants under control
conditions. The fold change in mutants was normalised against WT.

Calmodulin-like 38 (CML38), a calcium sensor in plants, had lower transcripts in four

mutants (not gad1KO and pop2-8 ). Recent studies have shown that Arabidopsis CML38

is involved in root growth inhibition (Campos et al., 2018) and hypoxia-induced autophagy

(Field et al., 2021). Arabidopsis rapid alkalinization factor 1 (AtRALF1) is a small se-

creted peptide hormone which inhibits root growth; CML38 (also a secreted protein)

can physically bind and interact with AtRALF1 in a Ca2+- and pH-dependent manner;

CML38 has no role in AtRALF1 alkalinization, but it is essential for the AtRALF1 over-

expression induced semi-dwarf phenotype (Campos et al., 2018). To deal with energy

crisis during submergence, mRNA translation was restricted by plants and stress granules

were rapidly accumulated, acting as storage hubs for the arrested mRNA complexes;

identified as one of the proteins associated with hypoxia-induced granules, CML38 uses

them as its direct regulatory targets, and CML38 associated- regulation of autophagy

was suggested to be part of the RNA regulatory program during hypoxia (Field et al., 2021).

SRO5 encodes a protein with similarity to RCD1, thus called similar to RCD5 (SRO5),

and its mRNA was lower in five mutants (not pop2-8 ). Radical-induced cell death 1

(RCD1) belongs to WWE protein-protein interaction domain protein family and the

(ADP-ribosyl)transferase domain-containing subfamily; RCD1 could act as an integrative

node between hormonal signalling (modulating ABA, ET and JA responses) and the

regulation of several stress-responsive genes (RAB18, DREB2A), therefore it functions in

drought response; the WWE domain presents in SRO1 but was missing in SRO2 and SRO5

proteins (Ahlfors et al., 2004). An intermediate in proline biosynthesis and catabolism,

∆-1-pyrroline-5-carboxylate (P5C), together with proline metabolism, plays a key role in
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stress response and ROS accumulation, and it can be reduced to glutamate (the precursor

of GABA) by P5C dehydrogenase P5CDH. SRO5 and P5CDH are natural cis-antisense

gene pairs that generate both 24-nt and 21-nt siRNAs, which are named nat-siRNAs

as they are derived from natural transcripts (Borsani et al., 2005). Salinity induced

SRO5 expression initiates the formation of SRO5-P5CDH na-siRNAs; the na-siRNAs

down-regulates P5CDH expression through mRNA cleavage, thus leading to not only

proline accumulation which is important to salt tolerance, but also increased ROS produc-

tion which is normally counteracted by the SRO protein; therefore, the SRO5-P5CDH

nat-siRNAs together with their proteins formed key components of a regulatory loop that

controls ROS production and stress response (Borsani et al., 2005). The changes of SRO5

expression in GABA mutants may be a result of altered ROS-scavenging capacity.

Exodium-Like 1 (EXL1 ) is a brassinosteroid-regulated gene whose expression is induced

under carbon- and energy-limiting conditions, e.g. sugar starvation, extended night and

anoxia stress, and EXL1 protein is also required for adaptation to energy crisis and the

loss (Schröder et al., 2011). Only pop2-8 showed a strongly induced EXL1 expression in

this study, possibly because blocked GABA catabolism greatly disturbed the carbon pool

3.7. Moreover, gad1245 showed induced and repressed expression of two genes encoding

light and jasmonate (JA) related proteins, FHL as mentioned above and TIFY6B which is

also known as Jasmonate ZIM-domain 3 (JAZ3), respectively. JA plays important roles

in regulating plant defence and development: JA promotes JAZ proteins degradation to

relieve their repression on diverse TFs that regulate early JA-responsive genes, and the

JAZ-MYC transcriptional module regulates growth-defence balance in plants (Major et al.,

2017).

All together, the altered expression of HRGs in mutants suggested that disturbed GABA

shunt already affected hormone- and stress/stimuli-responsive genes under normal growth

conditions. This could possibly be beneficial for plants during the following submergence

if these mRNAs play a role in pre-priming in the mutants.

3.1.2.2 GO enrichment analysis of GABA mutants under control conditions

To gain insight into the biological processes affected in GABA mutants under non-stressed

conditions, DEGs in each mutant were split into up- and down- regulated genes, went

through separate Gene Ontology (GO) enrichment analyses, and over-represented functional

categories (GO terms) were identified (Fig 3.8). Hereafter in this chapter, ‘GO-Up’ and

‘GO-Down’ referred to enriched GO terms of up- and down-regulated genes, respectively.

The total 160 GO terms could be divided into six groups based on their enrichment

patterns between different mutants, as summarised in Table C.3. Group I: appeared in

both GO-Up and GO-Down. Group II: partially shared among mutants in GO-Up. Group
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GO:0009451 RNA modification
GO:0010410 hemicellulose metabolic process
GO:0010411 xyloglucan metabolic process
GO:0045229 external encapsulating structure organization
GO:0009505 plant−type cell wall
GO:0005911 cell−cell junction
GO:0046658 anchored component of plasma membrane
GO:0005983 starch catabolic process
GO:0044247 cellular polysaccharide catabolic process
GO:0005982 starch metabolic process
GO:0009631 cold acclimation
GO:0009637 response to blue light
GO:0044275 cellular carbohydrate catabolic process
GO:0009251 glucan catabolic process
GO:0033993 response to lipid
GO:0009737 response to abscisic acid
GO:0097305 response to alcohol
GO:0005976 polysaccharide metabolic process
GO:0044264 cellular polysaccharide metabolic process
GO:0006073 cellular glucan metabolic process
GO:0044042 glucan metabolic process
GO:0004553 hydrolase activity, hydrolyzing O−glycosyl compounds
GO:0016762 xyloglucan:xyloglucosyl transferase activity
GO:0071310 cellular response to organic substance
GO:0071456 cellular response to hypoxia
GO:0036294 cellular response to decreased oxygen levels
GO:0071453 cellular response to oxygen levels
GO:0009416 response to light stimulus
GO:0036293 response to decreased oxygen levels
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(a) Up-regulated genes enriched 29 GO terms
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(b) Down-regulated genes enriched 131 GO terms

Figure 3.8: GO enrichment analysis of up- and down-regulated DEGs in GABA mutants under
control conditions. The clustered enrichment pattern displayed the -log 10 P value. All coloured
cells were significantly enriched (adj.P < 0.05). (a) 29 terms enriched by up-regulated genes. (b)
131 terms enriched by down-regulated genes.
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III: exclusive in GO-Up (except those in Group I). Group IV: shared across all mutants

in GO-Down (except those in Group I). Group V: partially shared among mutants in

GO-Down. Group VI: exclusive in GO-Down.

Figure 3.9: GO terms exclusive enriched in gad2-1 up-regulated genes under control conditions,
including the four oxygen/hypoxia-related processes in Group I category ‘A’, i.e. response to
decreased oxygen levels (GO:0036293), cellular response to oxygen levels (GO:0071453) and
decreased oxygen levels (GO:0036294), cellular response to hypoxia (GO:0071456).

Group I: Nine terms in both GO-Up and GO-down but with distinctive pat-

terns among GABA mutants. These terms can be divided into 4 categories (‘A’,

‘B’, ‘C’, and ‘D’), and DEGs involved in each category were also examined (Fig 3.10).

Seven terms were shared across all mutants in GO-Down. Among them, in GO-Up, the

four terms related to (cellular) response to (decreased) oxygen levels and hypoxia (‘A’)

were specific to gad2-1, while the other three (response to alcohol, ABA and lipid, ‘B’)

specific to gad1245 (Fig 3.8a, 3.9, C.8a), indicating a more profound response in gad2-1

and gad1245 than the other mutants. gad1245 up-regulated and gad1KO down-regulated

genes both significantly affected cold acclimation (‘C’), while gad1* up-regulated and

all the other mutants’ (except for gad1KO) down-regulated genes had significant cellular

response to organic substance (‘D’). Overall, 487 DEGs were involved and nearly one third

(159) belong to two or three categories, e.g. 134 overlapped genes between ‘B’ and ‘D’ but

none between ‘C’ and ‘D’ (Fig 3.10a, Table C.1). Twenty-five shared DEGs were listed in

Fig 3.10b, including transcription factors (TFs) that regulate osmotic, heat and drought

response (WRKY46, HSFA2, NAC002 ), genes involved in cell wall modification (XYH22 ),
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experienced some stresses (likely low oxygen and co-occurred stresses), or had primed

themselves to cope with stresses yet to come.

Group II: Five partially shared terms in GO-Up. These terms were shared be-

tween pop2-8 and one or two other lines (Fig 3.8a, Table C.3) and can be divided

into two categories: XTH activity (Fig C.9a, ‘2A’); polysaccharide metabolic, starch

metabolic/catabolic and glucan/carbohydrate catabolic processes (Fig C.9c, ‘2B’). Xy-

loglucan is a hemicellulose that occurs in the primary cell wall of vascular plants and

plays an important structural role. XTH22 encodes a cell wall-modifying enzyme that

is rapidly up-regulated in response to environmental stimuli and light (Sasidharan et al.,

2010), and possibly contributes to petiole elongation during shade avoidance under flooding.

Group III: Fifteen exclusive terms in GO-Up. Among the 22 GO terms uniquely

enriched in the mutants by up-regulated genes (Fig 3.8a), seven has been previously

discussed in Group I, leaving the other 15 terms in this group and can be divided into

seven categories (Table C.3). For example, hydrolase activity (GO:0004553) in gad1KO,

response to light stimulus (GO:0009416) in gad2-1 (Fig 3.9), and response to blue light

(GO:0009637) in gad1245 (Fig C.8a). In addition, gad1245 up-regulated genes were

also enriched in processes such as cellular carbohydrate/polysaccharide catabolic, starch

metabolic, and glucan/starch catabolic (Fig C.8b). In pop2-8, however, processes such

as RNA modification, hemicellulose and xyloglucan metabolism (Fig C.9c, C.11) were

promoted and they mainly they mainly correspond to cell wall-related processes (Fig C.9b).

Group IV, V and VI: Common or partially shared or exclusively terms in

GO-Down. Despite of the seven terms relating to oxygen, lipid, ABA and alcohol in

Group I, another 11 down-regulated genes enriched processes were also shared among

all six GABA mutants (Table C.3, Group IV). They mainly included: responses to salt

stress, jasmonic acid, fatty acid and oxygen-containing compound (‘4A’); leaf senescence

(‘4B’); monocarboxylic and organic acid catabolic, oxoacid and carboxylic acid metabolic

(‘4C’); lavin adenine dinucleotide binding (‘4D’). Another 65 GO terms in GO-Down were

shared between two to five mutants and all the rest of the terms were enriched uniquely in

each mutant (Table C.3, Group V and VI). Although leaf senescence (GO:1900055) were

significantly affected in all GABA mutants, its two child terms, regulation (GO:1900055)

and positive regulation (GO:1900057) of leaf senescence were not enriched in gad2-1 and

gad1245. In addition, response to nutrient levels (GO:0031667) and chlorophyll catabolic

process (GO:0015996) were also impacted in all mutants except for gad2-1 and gad1245 in

which they were not enriched. This may suggest these two lines were less likely experiencing

energy crisis under normal growth conditions than the other mutants. As for the uniquely

enriched GO terms, gad1245 and pop2-8, the two lines most disturbed in GABA shunt,

i.e. had the greatest number (21 and 11, respectively).
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3.1.2.3 KEGG pathway analysis of WT and GABA mutants under control

conditions

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) database can be used to detect

whether a set of genes are over-represented (i.e. enriched) in pre-defined pathways. DEGs

in each mutant went through KEGG pathway analyses, resulting in 39 enriched pathways

(Fig 3.11) with distinct patterns as summarised in Table C.4. These pathways can be

explored in more detail and DEGs related in each of the GABA mutant can be highlighted

in the corresponding pathway maps, in order to visualise affected biological processes and

illustrate the differences between these mutants under non-stressed conditions.

ath00380 Tryptophan metabolism
ath00400 Phenylalanine, tyrosine and tryptophan biosynthesis
ath00966 Glucosinolate biosynthesis
ath00941 Flavonoid biosynthesis
ath00591 Linoleic acid metabolism
ath00944 Flavone and flavonol biosynthesis
ath00073 Cutin, suberine and wax biosynthesis
ath00430 Taurine and hypotaurine metabolism
ath03008 Ribosome biogenesis in eukaryotes
ath00360 Phenylalanine metabolism
ath00950 Isoquinoline alkaloid biosynthesis
ath00520 Amino sugar and nucleotide sugar metabolism
ath04146 Peroxisome
ath00906 Carotenoid biosynthesis
ath00062 Fatty acid elongation
ath00100 Steroid biosynthesis
ath00770 Pantothenate and CoA biosynthesis
ath04626 Plant−pathogen interaction
ath00500 Starch and sucrose metabolism
ath00910 Nitrogen metabolism
ath00130 Ubiquinone and other terpenoid−quinone biosynthesis
ath00350 Tyrosine metabolism
ath04016 MAPK signaling pathway − plant
ath00480 Glutathione metabolism
ath00942 Anthocyanin biosynthesis
ath00270 Cysteine and methionine metabolism
ath00904 Diterpenoid biosynthesis
ath00280 Valine, leucine and isoleucine degradation
ath00071 Fatty acid degradation
ath00908 Zeatin biosynthesis
ath00330 Arginine and proline metabolism
ath00410 beta−Alanine metabolism
ath00901 Indole alkaloid biosynthesis
ath00940 Phenylpropanoid biosynthesis
ath00250 Alanine, aspartate and glutamate metabolism
ath00460 Cyanoamino acid metabolism
ath04075 Plant hormone signal transduction
ath00592 alpha−Linolenic acid metabolism
ath04712 Circadian rhythm − plant
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Figure 3.11: KEGG pathway analysis of WT and GABA mutants under control conditions.
The clustered enrichment pattern displayed the -log 10 P value. All coloured cells represented
significantly enriched pathways with bonferroni adjusted P < 0.05.

Although the GABA-shunt efficiency was affected in different ways, there are some path-

ways that all or some of the mutants has as significantly affected, mainly metabolic

processes. Seven enriched pathways were shared across all six mutants: metabolism of

lipid (fatty acid degradation), amino acids (valine, leucine and isoleucine degradation),

terpenoids and polyketides (alpha-linolenic acid metabolism) as well as biosynthesis of

secondary metabolites such as zeatin. Another eighteen (15 were metabolic) pathways were

partially enriched in two to five GABA mutants (Fig 3.11), and pop2-8 contained only four

metabolic pathways: tyrosine metabolism, carotenoid biosynthesis, nitrogen metabolism,
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and starch and sucrose metabolism. Neither ‘Cutin, suberine and wax biosynthesis’ nor

‘Starch and sucrose metabolism’ was enriched in gad1245 but both pathways were enriched

in its two parent lines gad1KO and gad2-1. On the contrary, ‘Cysteine and methionine

metabolism’ was significantly affected in gad1245 but neither of its parent lines. Except for

gad1*, all other GABA mutants also had uniquely over-represented pathways. gad1245 and

pop2-8 each contained four and the other three mutants each contained six pathways (Fig

3.11, Tab C.4), suggesting differences between GABA mutants due to different mutation(s).

MAPK signalling pathway and hormone signal transduction. Interestingly, these

two signalling pathways were not enriched in gad2-1 but all other GABA mutants, and

pop2-8 contained the largest number of DEGs (50). This suggested significant differences

between gad2-1 and the rest of the GABA mutants in these two signal transduction

processes under control conditions, so pathway maps were generated (Fig C.12, C.13).

Most DEGs related to MAPK and hormone signalling were repressed in GABA mutants,

and some of the DEGs appeared in both pathways. There were only four exceptions in

terms of MAPK signalling: genes encoding mitogen-activated protein kinase 10 (MAPK10)

and three ABA receptors (PYL4/5/6) were induced in pop2-8 leaves. PYL4 and PYL6

were also induced in gad2OE, but PYL2 was repressed in gad1245 leaves. In terms of

hormone signalling transduction, in addition to the above genes, there were additional

induced genes, e.g. those involved in ABA and auxin responses: ABA element-binding

factor (ABF) and Auxin-responsive proteins (IAAs). ABF1 was up-regulated in gad2-1

and gad245, but ABF3 was down-regulated in gad2OE and pop2-8. IAA5 was mentioned

earlier in this chapter as oppositely regulated genes (induced in gad1* and repressed

in pop2-8, Fig 3.6). Moreover, IAA6 and IAA19 were also induced in gad1*, and the

latter was also induced in gad2-1. Glucosinolates (GLSs) are secondary metabolites which

protect plants from herbivory and pathogen attack. IAA5, IAA6 and IAA19 mediate

Arabidopsis drought tolerance by regulating GLSs levels, probably signalling through ROS;

in contrast, loss of IAA5/6/19 results in reduced GLSs levels and drought sensitivity which

is associated with a defect in stomatal regulation (Salehin et al., 2019). Taken together,

the altered hormone and MAPK signalling and sensitivity under control conditions maybe

related to their response to submergence and recovery.

A recent whole genome sequencing revealed the existence of a second mutation in the gad2-1

line used in this study (Piechatzek, 2022), as confirmed here there is no MPK12 transcripts

in its leaves (Fig C.14), while all other lines had significantly higher expression. The

Arabidopsis MPK12 is not only a physiological substrate of indole-3-butric acid-response 5

(IBR5) but also a novel negative regulator of auxin signalling (Lee et al., 2009). MPK12

also plays an important role in guard cell CO2 signalling, it regulates ABA-independent

CO2-induced stomatal closure, and controls plant water management (Hõrak et al., 2016;

Tõldsepp et al., 2018). The loss-of-function mpk12 single mutant had higher stomatal
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conductance than wild type leaves under control conditions as well as under high CO2

when stomatal closure was induced by CO2 in wild type leaves (Tõldsepp et al., 2018).

Therefore, the lower sensitivity of gad2-1 in hormone and MAPK signalling compared to

the other GABA mutants GABA mutants maybe related to the loss of GAD2 and MPK12

genes.

Figure 3.12: Differentially expressed genes of GABA mutants related to circadian rhythms
(ath04712) under control conditions. From left to right in a box: gad1*, gad1KO, gad2-1, gad1245,
gad2OE, pop2-8.

Circadian rhythm. Except for gad1* and gad1KO, circadian rhythm related genes in all

other GABA mutants were significantly affected, with gad1245 and pop2-8 containing the

largest number of DEGs (15). This is not surprising as GAD1 is primarily expressed in the

roots instead of shoots. Light is one of the most essential environmental factors that affects

plant growth and development, and light signal transduction can be mediated by COP1

and BBXs-HY5 in plants (Xu, 2019). As the pathway map showed, many genes were

up-regulated in the four non-GAD1 mutants (Fig 3.12). For example, Early Flowering

3 (ELF3 ) had an increased expression in gad1245 and pop2-8, and Pseudo-Response

Regulator 3 (PRR3) were induced in all non-GAD1 mutants. Among the down-regulated

genes, Long Hypocotyls 5 (HY5 ), which is important for photomorphogenesis, was greatly

repressed expression in gad1245 and pop2-8 (Fig 3.12). In Arabidopsis HY5 regulates

Nitrite Reductase 1 (NIR1 ) and Ammonium transporter 1 (AMT1;2), it also mediates

salinity-induced proline accumulation which is light controlled (Kovács et al., 2019). Taken

together, these greatly altered circadian genes in non-stressed mutants suggests significant

changes in these processes, which could be beneficial or not in the upcoming submergence.
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Figure 3.13: Differentially expressed genes of GABA mutants in arginine and proline metabolism
(ath00330) under control conditions. From left to right in a box: gad1*, gad1KO, gad2-1, gad1245,
gad2OE, pop2-8.

Arginine and proline metabolism. This pathway (illustrated in Chapter 1 Section

1.2.2.2) was enriched in all six GABA mutants under control conditions. Transcript levels

of most DEGs were down-regulated in one or more mutants, with the only exception of

mitochondrial-localised Nitric Oxide Synthase 1 (NOS1 ) which was up-regulated. The

Arabidopsis genome has two ADC genes encoding arginine decarboxylase (ADC), an

enzyme catalyzes the synthesis of putrescine Put. In addition to ADC2, the mRNA of

five genes were detected as having decreased expression in all mutants: ALDH7B4 and

ALDH2B7, OAT, P5CS1 and P5CS2, and ASP3. Cytoplastic (PAO1 ) is one of the five

genes encoding the polyamine oxidase (PAO) family members, and it was down-regulated

in all the five GAD mutants but not in pop2-8. Two genes encoding proline dehydrogenases

(ProDH, also known as POX), POX1/2 were also down-regulated in all GAD mutants

not pop2-8. ADC and PAO genes are both critical for PA metabolism, and PAs were

reported to regulate stress response in plants by altering the GABA shunt pathway (Urano

et al., 2005). S-adenosylmethionine decarboxylase (SAMDC), a key enzyme involved in

the biosynthesis of the polyamines (spermidine and spermine), also influences the rate of

ethylene biosynthesis (Podlešáková et al., 2019). SAMDC2 had decreased expression in
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non-stressed pop2-8. Collectively, these results means that when the GABA shunt pathway

is disturbed, the polyamine pathway genes were also impacted, even under non-stressed

conditions, linking arginine, proline and PA metabolism together.

Figure 3.14: Differentially expressed genes of GABA mutants in alanine, aspartate and
glutamate metabolism (ath00250) under control conditions.

Alanine, aspartate and glutamate metabolism. This is another amino acid metabolism

pathway that directly interacts with GABA, and all mutants but not pop2-8 were signifi-

cantly enriched in this pathway (Fig 3.11) under non-stressed conditions, with different

expression patterns of genes related to Ala, Asp and Glu metabolism. Apart from the

higher GAD1 expression in gad1* leaves, the two GAD1 lines displayed no differences in

terms of GABA-T or SSADH expression compared to WT. GABA-T was down-regulated

in pop2-8 as expected, and not changed in other mutants, while SSADH was up-regulated

in all mutants except for the two GAD1 lines. Three GAD genes were all down-regulated

in non-GAD1 lines but turned out to be more complex. Compared to WT leaves, GAD1

was increased in expression in gad2-1, gad2OE and pop2-8 leaves, GAD2 and GAD4
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were both repressed in gad2-1 and gad1245 leaves, and gad2OE also had lower GAD4

expression (Fig 3.14, 3.20).

GDH and GLN are the two enzymes utilising glutamate (Glu) as a substrate, and in

almost all GABA mutants their gene expression was down-regulated, with the exception of

unaffected GDH expression in pop2-8. Glutamine-dependent asparagine synthase1 (ASN1 )

gene was down-regulated in gad1KO and gad2OE. ASN1 is one of the dark-inducible

carbon (C) starvation-responsive genes (within 3h, therefore the enzyme also named DIN6)

and light has a negative effect on its mRNA accumulation, and it is also induced in

senescing leaves or by exogenous photosynthesis inhibitor treatment. As a decrease of the

C/N ratio in plants can also be recognized as C starvation (Yoshitake et al., 2021), the

reduced expression of ASN1 in the above two lines could potentially mean a higher C/N

ratio than WT.

3.1.3 WT and GABA mutants’ transcriptional response to sub-

mergence

The previous section reported some common and distinguishable transcriptional changes in

GABA mutants included only plants that were not submerged. Next, the transcriptional

response to submergence for WT and GABA mutants was explored by comparing to their

own non-submerged plants, starting with the multi-dimensional scaling (MDS) principal

coordinate plot and identifying differential expressed genes (DEGs). Biological replicated

samples from the same genotype clustered together in the MDS principal coordinate plot

(Fig C.5), although there was a large variation in one WT sample. Dimension 1 separates

control and submerged plants, while dimension 2 roughly corresponds to different GABA

mutants. As the MDS principal coordinate plot (Fig C.5) nicely separated the submerged

plants from their controls, next the gene profiles of each line before and after submergence

were evaluated in order to uncover the submergence responsive genes. After filtering lowly

expressed genes (less than five counts in a quarter of all samples) there were in total 19889

genes remained across the 42 libraries. These genes were used to compare the submergence

response between WT and GABA mutants. They were also used in the next Section 3.1.4

of this chapter to explore mutation-specific submergence responses.

3.1.3.1 Identification of differentially expressed genes in WT and GABA

mutants after submergence

After 6 d submergence, only genes that were up- or down- regulated with |log2FC| > 1

and Bonferroni adjusted P value adj.P < 0.05 by pairwise comparisons were regarded

as differentially expressed genes (DEGs). A large number of genes had significantly

altered expression in response to submergence in all seven lines. Overall there were
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(a) Clustering of oppositely regulated 352 DEGs

(b) 25 oppositely regulated DEGs

Gene ID Gene info

AT1G43160 Ethylene-responsive transcription factor RAP2-6
AT4G24000 Glycosyltransferase (Fragment) CSLG2
AT5G13170 Bidirectional sugar transporter SWEET15
AT1G04580 Benzaldehyde dehydrogenase (NAD(+)) AAO4
AT2G03850 Late embryogenesis abundant (LEA) family protein
AT1G01480 1-aminocyclopropane-1-carboxylate synthase 2 ACS2
AT1G17020 Senescence-related gene SRG1
AT1G80160 F18B13.24 protein; GLYOXYLASE I 7

Vicinal oxygen chelate (VOC) superfamily member
AT2G15780 F19G14.22 Cupredoxin superfamily protein
AT2G45570 Cytochrome P450, family 76, subfamily C, CYP76C2
AT4G21680 Protein NRT1/ PTR FAMILY 7.2 NPF7.2
AT4G37990 Cinnamyl alcohol dehydrogenase 8 CAD8

Elicitor-activated gene 3 ELI3
AT2G35730 Heavy metal associated protein 19 HMP19
AT3G45130 Terpene cyclase/mutase family member.

lanosterol synthase 1 LAS1
AT1G65730 Probable metal-nicotianamine transporter YSL7
AT3G44300 Nitrilase 2 NIT2
AT2G36780 UDP-glycosyltransferase family protein UGT73C3
AT4G33150 Lysine-ketoglutarate reductase (LKR)/saccharopine

dehydrogenase (SDH) bifunctional enzyme LKR/SDH
AT5G56200 C2H2 type zinc finger transcription factor family
AT1G79900 Mitochondrial arginine transporter BAC2
AT3G57380 Glycosyltransferase
AT3G46680 UGT76E6 UDP-glycosyltransferase 76E6
AT1G69480 Phosphate transporter PHO1 homolog 10 PHO1-H10
AT1G05340 Cysteine-rich TM module stress tolerance protein
AT3G06490 Transcription factor MYB108

Figure 3.17: Oppositely regulated 352 genes among WT and GABA mutants after submergence.
(a) Clustering of 352 DEGs with different expression patterns. (b) List of 25 oppositely regulated
genes in (a). The fold change in each genotype was normalised against its corresponding control
plants.

submergence tolerance in Arabidopsis (Yuan et al., 2020). In the current study, submergence

significantly induced ATG8E expression in all lines, and gad1* and gad1245 had a greater

than 2.1 fold change.

WRKY transcription factors play important roles in a large number of plant processes,

including senescence, seed development, seed dormancy and germination, biotic and abiotic

stress responses. Xiao et al. (2013) found that the antagonistic cross talk between abiotic

and biotic stresses (drought and disease) in rice is regulated by WRKY13, which autoregu-

lates its own expression and represses the expression of SNAC1 and WRKY45-1 through

selectively binding to different cis-elements in the promoter regions of these genes. Stress

responsive No Apical meristem, STRESS RESPONSIVE NO APICAL MERISTEM, ARA-

BIDOPSIS TRANSCRIPTION ACTIVATION FACTOR1/2 (SNAC1, CUP-SHAPED

COTYLEDON ) promotes stomatal closure and its over-expression increased drought

resistance while knockouts of WRKY45-1 increased both drought and bacterial resistance

(Xiao et al., 2013). In this study, WRKY13 in pop2-8 leaves had increased expression

over WT under control conditions. After submergence, the expression of WRKY13 in

gad1245 and pop2-8 both decreased. However, WRKY45 in all 6 control mutants had
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Figure 3.18: Expression of oxygen-sensing gens (RAP2, HRE1, HRA1) in WT and GABA
mutants. CPM: counts per million.

lower expression compared to WT, but its expression in all 7 lines were promoted after

flooding.

Expression of core HRGs in WT and GABA mutants after submergence. Over

two thirds of the 52 core hypoxia response genes (Table A.1) changed significantly in

one or more lines after 6 d submergence (Fig 3.19), mostly up-regulated. Interestingly,

transcripts of AlaAT2, HRE1 and plasma membrane-bound NADPH oxidase (also known as

RESPIRATORY BURST OXIDASE HOMOLOG D [RBOHD] in plants) were not affected

in WT, but were enhanced in all mutants after submergence. HYPOXIA RESPONSE

ATTENUATOR1 (HRA1 ) was also not significantly affected in WT, but decreased in

mutants other than gad1* and gad2-1. RAP1.12 is the upstream regulator of HRA1,
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and its steady-state levels could be impacted by HRA1. HRA1 protein is active in cells

experiencing hypoxia despite of whether the plants are under normal growth or low oxygen

conditions. For example, Giuntoli et al. (2014) reported that in non-stressed Arabidopsis,

HRA1 expression was restricted to the shoot apical region, leaf vascular and roots, where

hypoxia occurred due to high oxygen need and low diffusion. Some hypoxia unknown
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Figure 3.19: Log2 fold change of core hypoxia-responsive genes among WT and GABA mutants
after submergence. The fold change in each genotype was normalised against its corresponding
control plants.

proteins (HUPs) reported by previous work also appeared to be regulated differently in

the current research (HUP32, HUP39, HUP40 and HUP54 ) between WT and GABA

mutants (Fig 3.19).

3.1.3.2 Expression of GABA metabolism related genes under control and

submergence

Gene related to GABA-metabolism were checked for their expression under control and

submergence conditions, including GABA-shunt genes and GABA-transport related genes.

As shown in Fig 3.20, knockout of certain GAD isoform(s) usually resulted in a lower

expression of that gene in GABA mutants, however gad1* had a higher GAD1 expression

which was not changed by submergence, possibly due to its T-DNA insertion was at a

large intron (over 1000 bp) and was rather short (51 bp). It is also possible that alter-
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native promoters exist in the GAD1 gene, and the T-DNA insertion somehow promoted

its expression which was otherwise usually relatively low in the leaves, this need to be

examined in the future work.
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Figure 3.20: Expression of GABA-shunt genes in WT and GABA mutants under control and
submerged conditions (n=3, Boxplot).

SSADH (ALDH5F1) expression was not affected by submergence, and all mutants except

for the two GAD1 lines had a higher expression than WT under both control and sub-

merged conditions. Submergence induced the expression of both GAD1 and GAD4 in most

GABA mutants, especially GAD1 expression in gad2OE and pop2-8. Miyashita and Good

(2008) also found that after 2, 8, 24 h hypoxia treatment, GAD4 expression increased to

approximately 3-, 19- and 13-fold in Arabidopsis roots, in the meantime the authors found

suppressed expression of GAD2 and no changes of GAD1 in response to hypoxia. However,

in my research GAD1 as also highly inducible by hypoxia in non-GAD1 lines while GAD4

only induced among three lines (gad2-1, gad2OE and pop2-8 ). Recently, Meng et al.

(2020) also reported light/dark submergence induced GAD1 and GAD4 expression in

wild type leaves (various ecotypes), and also GAD1 had a much higher fold change than

GAD4 ; moreover, the sensitive WT lines induced more GAD1 expression than the tolerant

ones, no matter whether submerged or recovered plants (both compared to control plants).

They found only GAD1 was strongly induced in mitochondrial mutants after submergence.

Clearly, leaf GAD1 played a role under hypoxia, probably more important than that of
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GAD4. The reason why gad1* had a promoted GAD1 expression in the shoots is yet to

be uncovered, but its large biomass and fully recovery of Fv/Fm from de-submergence

suggests this feature benefits plants to coping with hypoxia during both submergence and

recovery phrases. A further quantitative PCR will be able to confirm whether the shoot

GAD1 expression is higher than WT in gad1*. All of these results suggested that the

levels of GABA need to be tightly controlled through the modulation of transcript abun-

dance of the different GAD genes during standard growth conditions or in response to stress.
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Figure 3.21: Expression of ALMT genes in WT and GABA mutants under control and
submerged conditions (n=3). The DEGs and log2 fold change were shown in Fig C.15

The aluminum-activated malate transporters (ALMTs) belong to a protein family of anion

channels that contribute to a plants’ tolerance towards toxic aluminum ions in the soil, but

not all 14 ALMTs in the Arabodipsis have the same function, for example, some of them

are involved in stomata regulation (Sharma et al., 2016) . ABA-induced stomatal closure

involves ALMT4; ALMT12 is also involved in stomata closure; while the vacuolar ALMT6

and tonoplast ALMT9 are both involved in stomata opening (Eisenach et al., 2017; Meyer

et al., 2011; Jaślan and De Angeli, 2022; Luu et al., 2019). In wheat GABA negatively

regulates TaALMT1 activity to prevent malate efflux from roots to soil under acidic/Al3+

conditions (Ramesh et al., 2015), and this is also likely to occur under other stresses, e.g.

cold, heat, salinity as GABA accumulation is induced. Klecker et al. (2014) proposed 53
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shoot-specific hypoxic-responsive genes in Arabidopsis : at least 2-fold induction and 2-fold

higher expression in hypoxic leaves (versus aeration leaves and hypoxic roots, respectively),

these genes also had significantly higher ratio of gene induction during hypoxia in shoots,

i.e. [shoot Hypoxia/shoot Control]/[root Hypoxia/root Control] >2. ALMT5 is among

those shoot-specific genes, but in my experiment, it was found to be down-regulated in

gad2OE and pop2-8 after submergence while unaffected in other lines, this could be due

to the plant age as they used young seedlings (7 d), and hypoxia was not induced by

submergence. However, the decreased expression in the two GABA-accumulating lines

may be one of the reasons that these two lines did not cope with submergence as well as

the other lines. As shown in Fig 3.21 and Fig C.15, gad1245 had a lower expression of

ALMT12 than WT under control conditions, while all mutants had a lower expression

of ALMT13 except for gad1* than WT. After submergence, ALMT13 expression in all

seven lines decreased, ALMT5 and ALMT12 only significantly altered in gad1245 and

pop2-8 ; in addition, ALMT4 and ALMT9 in pop2-8 as well as ALMT6 in gad1245 were

also up-regulated. These results strongly suggested that the role of GABA in response to

submergence is closely related to regulating ALMT mRNA levels.

3.1.3.3 GO enrichment analysis of WT and GABA mutants after submergence

DEGs in each line were split into up- and down- regulated genes and went through separate

GO enrichment analyses, resulting in 93 (Fig 3.22a GO-Up results) and 166 (Fig 3.22b

GO-Down results) over-represented GO terms, respectively. In general, a wide spectrum

of physiological processes were greatly affected by submergence, as evidenced by the

over-representation of the corresponding GO terms. A full list of these GO terms was

shown (Table C.5) in the corresponding order as in the heatmap (Fig 3.22).

Seven common GO terms appeared in both GO-Up and GO-Down but with distinct

patterns: only WT in GO-Up but mutants were in GO-Up (all or at least four GABA

mutants), suggesting an opposite regulation of genes involved in these processes in re-

sponse to submergence. This could be correlated with the earlier shown opposite regulated

patterns by submergence between WT and GABA mutants (Fig 3.17). These processes

were: cellular response to hormone stimulus; response to jasmonic acid and fatty acid;

secretory vesicle; response to ABA, alcohol and lipid. The last three processes were already

over-represented under control conditions in all GABA mutants by down-regulated genes

as well as in gad1245 by up-regulated genes (Fig C.8, Section 3.1.2.2). Twenty-two terms

in GO-Up and 32 terms in GO-Down were shared between all accessions, suggesting

commonly affected processes of all seven lines to cope with submergence. Up-regulated

genes enriched GO terms mainly included response to hypoxia, decreased oxygen and

nutrient levels; cellular response to hormone/ethylene stimulus and organic substance;

response to ethylene and ethylene-activated signalling pathway; response to chitin and
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Figure 3.22: Clustering patterns of GO terms enriched through up- or down-regulated genes
in WT and GABA mutants after submergence. GO terms with Bonferroni adjusted P < 0.01
was considered significantly enriched and -log10 P was presented in the heat maps. (a) 93 terms
enriched by up-regulated genes. (b) 166 terms enriched by down-regulated genes.

organonitrogen compound; protein serine/threonine kinase activity; defense response to

bacterium; nucleosidase activity; protein phosphorylation; phosphotransferase activity,

adenyl nucleotide binding and adenyl ribonucleotide binding. Down-regulated genes en-

riched GO terms mainly included cell wall and polysaccharide metabolic processes, i.e.

galacturonan and pectin metabolic processes, cell wall polysaccharide and macromolecule

biosynthetic processes, hemicellulose metabolic process, microtubule cytoskeleton, an-

chored component of plasma membrane and external encapsulating structure organization

(Table C.5).

In GO-Up results, all GABA mutants were enriched in leaf senescence (GO:0010150), and

three of them (gad1*, gad1KO and gad2-1 ) were also enriched in positive regulation of leaf

senescence (GO:1900057). In GO-Down results, all GABA mutants were enriched in water

(GO:0006833) and fluid (GO:0042044) transport, and water transmembrane transporter

(GO:0005372) and water channel (GO:0015250) activity. However, submerged WT plants

was not significantly impacted in these processes (Table C.5). Fig C.16 showed the four
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Figure 3.23: Four GO terms related to leaf senescence, including leaf senescence (GO:0010150)
and its three child terms: regulation (GO:1900055), positive (GO:1900057) and negative
(GO:1900056) regulation of leaf senescence.

water and fluid transport related terms and Fig C.17 showed DEGs in WT and GABA

mutants involved, Most of them were genes encoding aquaporins (AQPs), the protein

in plants facilitating across membrane water transport, e.g. plasma membrane intrinsic

proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin-26 like intrinsic proteins

(NIPs), and small basic intrinsic proteins (SIPs) . Regulation of water uptake is closely

related to plant growth under normal and stress conditions, and reduced root water uptake

and impaired root hydraulic conductivity (mediated by AQPs) were proposed to be the

reason why flooded plants experience wilting (Tan et al., 2018). Fig 3.23 showed the

four senescence related terms and Fig C.18 showed DEGs in WT and GABA mutants

involved in these processes, such as indole-3-acetic acid inducible 17 (IAA17), small auxin

upregulated 36 (SAUR36). As the last step of leaf development, senescence is featured by
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Figure 3.24: Six chlorophyll and photosynthesis related processes enriched by down-regulated
genes in GABA mutants (not gad1* and gad1245 ) after submergence. Legend the same as in
Fig 3.23.

degradation and recycling processes, which involves degrading chlorophyll, protein, nucleic

acid and lipid, transporting nutrients to growing tissues, and finally producing fruits and

seeds (Ansari et al., 2014). The previous section 3.1.2 has shown that a large amount of

senescence related genes had decreased expression in GABA mutants under non-stressed

conditions. Here, it shows that after 6 d submergence, many of these genes and more

others in the mutants were up-regulated (Fig C.18).

The GABA mutants also had different PSII sensitivity to submergence (Fig 3.3), together

with the down-regulation of AQP genes and up-regulation of leaf senescence genes, it is

not surprising in the mutants, many photosynthesis related biological processes (16 terms

in GO-Down) happened in chloroplast and plastid (15 out of 32 of the ontology ‘CC’), as

shown in Fig C.19. pop2-8 were enriched in all these processes, and gad1KO and gad2OE

most of them, while gad1245 only in photosystem I (GO:0009522), chlorophyll metabolic
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(GO:0015994) and biosynthetic (GO:0015994) processes (Table C.5). Establishment of

protein localization to chloroplast (GO:0072596) and light harvesting during photosynthesis

(GO:0009765) were significantly impacted in gad2OE and pop2-8 leaves after submergence.

Six of these process were shown in Fig 3.24.

3.1.3.4 KEGG enrichment analysis of WT and GABA mutants after submer-

gence

The DEGs in each line were than sent through KEGG pathway analyses, resulting in 57

enriched pathways (Fig 3.25) with distinct patterns as summarised in Table C.6. Although

the GABA-shunt pathway were impaired in different ways, these mutants experienced

some common changes after 6d submergence as with WT, with other distinguishable

responses as well. Six pathways were commonly significantly enriched across all seven lines

(Fig 3.25), suggesting these pathways to be greatly affected by submergence regardless of

GABA shunt capability. These processes included metabolism of porphyrin, ascorbate and

aldarate, elongation of fatty acid, MAPK signalling pathway and plant hormone signal

transduction.

Thirty-five pathways were partially shared across the seven lines. Plant-pathogen interac-

tion was enriched in five lines, especially gad2-1 and gad1245, but not in gad1* or pop2-8.

However, it was already promoted in non-stressed pop2-8 plants (Fig 3.11). The other 34

pathways all belong to metabolism-related processes, e.g. energy, carbohydrate, amino

acids, cofactors and vitamin, terpenoids and polyketides as well as secondary metabolites

biosynthesis, suggesting profound metabolic responses to submergence among two or more

lines. Moreover, beta-Alanine metabolism show up in all mutants but not WT, while

glucosinolate biosynthesis and secondary metabolites biosynthesis were both in all lines

other than gad2-1 but all other lines.

In terms of gad1245 and its two parent lines gad1KO and gad2-1, there were also some

differences between them. Fatty acid degradation and cyanoamino acid metabolism were

promoted in gad1245, gad2OE and pop2-8 but neither parent line. There were six more

pathways that were also promoted in gad1245 (also in WT) but neither of its parent

lines: pentose and glucuronate interconversions, indole alkaloid biosynthesis, isoquinoline

alkaloid biosynthesis, and metabolism of three amino acids (tyrosine, phenylalanine and

tryptophan). On the contrary, 3 pathways showed up in both gad1KO and gad2-1 but

not gad1245. They also didn’t show up in some other lines, i.e. zeatin biosynthesis not

in pop2-8, nitrogen metabolism not in pop2-8 and gad2OE, and carbon fixation not in

WT and gad2OE. It is worth exploring the above processes as gad1245 seemed to be

not behaving like its parental lines. Collectively, these discrepancies suggested distinct

strategies in reconfiguration of metabolic processes in response to submergence among
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ath04075 Plant hormone signal transduction
ath04016 MAPK signaling pathway − plant
ath00860 Porphyrin metabolism
ath00062 Fatty acid elongation
ath03030 DNA replication
ath00053 Ascorbate and aldarate metabolism
ath00966 Glucosinolate biosynthesis
ath00999 Biosynthesis of various plant secondary metabolites
ath03010 Ribosome
ath00480 Glutathione metabolism
ath00280 Valine, leucine and isoleucine degradation
ath00410 beta−Alanine metabolism
ath00100 Steroid biosynthesis
ath00130 Ubiquinone and other terpenoid−quinone biosynthesis
ath00196 Photosynthesis − antenna proteins
ath00195 Photosynthesis
ath00300 Lysine biosynthesis
ath00261 Monobactam biosynthesis
ath00710 Carbon fixa ion in photosyn hetic organisms
ath02010 ABC transporters
ath00920 Sulfur metabolism
ath00290 Valine, leucine and isoleucine biosyn hesis
ath00630 Glyoxylate and dicarboxylate metabolism
ath00250 Alanine, aspartate and glutamate metabolism
ath00450 Selenocompound metabolism
ath00600 Sphingolipid metabolism
ath00960 Tropane, piperidine and pyridine alkaloid biosynthesis
ath00360 Phenylalanine metabolism
ath00350 Tyrosine metabolism
ath00950 Isoquinoline alkaloid biosynthesis
ath00260 Glycine, serine and threonine metabolism
ath00520 Amino sugar and nucleotide sugar metabolism
ath03440 Homologous recombination
ath00591 Linoleic acid metabolism
ath00240 Pyrimidine metabolism
ath00905 Brassinosteroid biosynthesis
ath00901 Indole alkaloid biosynthesis
ath00040 Pentose and glucuronate interconversions
ath00380 Tryptophan metabolism
ath00780 Biotin metabolism
ath00904 Diterpenoid biosynthesis
ath00944 Flavone and flavonol biosynthesis
ath00945 Stilbenoid, diarylheptanoid and gingerol biosynthesis
ath00330 Arginine and proline metabolism
ath00942 Anthocyanin biosynthesis
ath00061 Fatty acid biosynthesis
ath00941 Flavonoid biosynthesis
ath00908 Zeatin biosynthesis
ath00910 Nitrogen metabolism
ath00270 Cysteine and methionine metabolism
ath00592 alpha−Linolenic acid metabolism
ath00940 Phenylpropanoid biosynthesis
ath04626 Plant−pathogen interaction
ath00071 Fatty acid degradation
ath00460 Cyanoamino acid metabolism
ath00500 Starch and sucrose metabolism
ath00906 Carotenoid biosynthesis
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Figure 3.25: KEGG pathway analysis of WT and GABA mutants after submergence. The
clustered enrichment pattern displayed the -log 10 P value. All coloured cells represented
significantly enriched terms with Bonferroni adjusted P < 0.05.

WT, GABA-deficient and GABA-accumulating lines.

Sixteen pathways were uniquely enriched in one specific line. Five in WT: biosynthesis

of fatty acid, flavonoid and anthocyanin; arginine and proline metabolism; stilbenoid,

diarylheptanoid and gingerol biosynthesis. Four in gad1KO : ABC transporters; sulfur

metabolism; glyoxylate and dicarboxylate metabolism; valine, leucine and isoleucine

biosynthesis. One in gad2-1 : pyrimidine metabolism. Two in gad1245 : homologous

recombination; amino sugar and nucleotide sugar metabolism. One in gad2OE : ath00195

photosynthesis (light reaction). Three in pop2-8 : ribosome; sphingolipid metabolism;

tropane, piperidine and pyridine alkaloid biosynthesis. The following pathways, which

related to energy production and amino acid metabolism, were checked for details of DEGs

in each line.
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Figure 3.26: Differentially expressed genes of WT and GABA mutants in photosynthesis
(antenna proteins ath00196) after submergence. Highlighted boxes are light-harvesting chlorophyll
protein complex (LHC) in Arabidopsis. From left to right in a box: WT, gad1*, gad1KO, gad2-1,
gad1245, gad2OE, pop2-8.

Photosynthesis - antenna proteins. gad2-1, gad2OE and pop2-8 were significantly

affected in this pathway with 10, 12 and 12 DEGs, respectively (Table C.6). On the

contrary, WT only had three genes down-regulated (Fig 3.26). Photosystems I (PSI) and II

(PSII) are both crucial for the light-dependent reactions in plants, and they each consists

of a reaction centre core and antenna complexes that enhance light harvesting (Leister,

2016). The light harvesting chlorophyll protein complex (LHC) includes chlorophyll and

carotenoids, which are situated inside the chloroplasts and transfer harvested light to

the reaction centre. LhcA and LhcB are associated with PSI and PSII, respectively, and

they are important for photosynthetic efficiency, photoprotection, and photoacclimation

(Jansson, 1999). Of the six LHCB isoforms only Lhcb2 can be phosphorylated, which is

central to state transition, and Lhcb1 and Lhcb2 proteins have different yet complementary

functional role (Pietrzykowska et al., 2014). Chloroplastic serine-threonine protein kinase

STN7 phosphorylates Lhcb1 and Lhcb2 proteins at a threonine (Thr) residue near their

near N terminus during their state transitions, and thylakoid-associated phosphatase

38 (also named protein phosphatase 1, TAP38/PPH1) catalyzes the reverse reaction.

Collectively the balance between these two enzymes activities determines the phospho-

rylation state of LHCII. de Bianchi et al. (2011) showed that Lhcb4 proteins specifically

function in protecting PSII from photoinhibiton using single or triple knockout of Lhcb4

mutants. The triple knockout mutant (koLhcb4 ) didn’t alter electron transport rates, but
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it showed a disrupted PSII macrostructure and is defective in photoprotection as the single

knockouts. koLhcb4 also had a compensatory increase of Lhcb1 and a slightly reduced

photosystem II/I ratio than wild type, and an increased sensitivity to high light stress.

Studies also suggest that LHCBs are involved in ABA signalling partly by modulating

ROS homestasis, supported by the fact that down-regulation or disruption of any LHCB

isoforms reduced ABA-regulated stomatal movement while overexpression LHCB6 en-

hanced the sensitivity to ABA (Xu et al., 2011). In current study, gad2OE and pop2-8

had the most decreased expression of Lhca2 and several Lhcbs, which is in agreement with

the GO enrichment results. As their Fv/Fm also decreased the most after 6 d submer-

gence (Fig 3.3), thus their photosynthesis capacity being the most inhibited during hypoxia.

Figure 3.27: Differentially expressed genes of WT and GABA mutants in alanine, aspartate
and glutamate metabolism (ath00250) after submergence. From left to right in a box: WT,
gad1*, gad1KO, gad2-1, gad1245, gad2OE, pop2-8.

Alanine, aspartate and glutamate metabolism. All non-stressed mutants (except

pop2-8 ) showed significantly enrichment in alanine, aspartate and glutamate metabolism
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(Fig 3.11). However after submergence, only WT, gad1KO and pop2-8 were enriched in

the metabolism of these three amino acids, so whether prior-flooding changes contribute

to their acclimation to stress is worth looking into.

Submergence didn’t alter alanine:glyoxylate aminotransferase encoding gene AGT3 expres-

sion in WT, but down-regulated its expression in all six mutants. Except for gad1* and

gad2-1, the other four mutants also showed increased expression of AGT2, but repressed

expression in WT.

Submergence up-regulated GLN-dependent cytosolic ASN1;1 expression in all seven lines,

with gad1KO and gad2OE being the most affected, probably due to their prior-stress

lower expression of this gene (Fig 3.14). In contrast ASN2 show no changes in WT but

down-regulated in all GABA mutants, and ASN3 expression was decreased only in pop2-8.

Collectively, ASN genes were induced by submergence in all lines except for pop2-8, in

which the three genes in total turned out to be slightly down-regulated. Maaroufi-Dguimi

et al. (2011) subjected one month old hydroponic plants to 6-24h 100 mM NaCl, and

showed the T-DNA insertion asn2-1 mutant had higher ammonium level and lower salinity

tolerance than WT, due to impaired nitrogen assimilation and translocation. They also

found increased ASN1 mRNA level in both WT and mutant leaves upon salinity, but

inhibited transcript and protein levels of chloroplastic GLN2 in both lines. Asp and

Pro accumulation in response to salinity provided evidence for their roles as prevailing

stress responding amino acids. In the current study flooding also inhibited Glutamine

synthetase 2 GLN2 (GS2) gene expression in the two GAD1 lines (gad1* and gad1KO)

and two GABA-accumulating lines (gad2OE and pop2-8 ). By contrast, GS1 encoding

genes GLN1;1 and GLN1;4 were induced in all seven lines, and submergence oppositely

regulated GLN1;3 in WT (down-) and gad1KO (up-). GS2-KO barley and Lotus were

unable to grow under photorespiratory conditions but not GS2-KO Arabidopsis (Ferreira

et al., 2019), as GLN1;3 acts redundantly with GDH in assimilating photorespiratory

ammonium in the mutant, which also has increased salt tolerance. A recent study on

AtGS2-KO plants by Hachiya et al. (2021) suggested that acidic stress through ammonium

assimilation by GLN2 is the primary cause of ammonium toxicity in Arabidopsis, rather

than its accumulation, which challenges previous knowledge.

Arginine and proline metabolism. Polyamine pathway can contribute to the hypoxia-

induced GABA accumulation, too. A study on Fava bean seeds germination showed that

under hypoxia, despite of GABA shunt, at least 30% of GABA formation is supplied by

polyamine degradation pathway (Yang et al., 2013). In current study, there is a strong

induction of genes related to arginine and proline in some GABA mutants, however, this

pathway showed only to be in WT that was significantly affected by submergence, none of

the GABA mutants, this is probably due to the mutants have already be greatly impacted

(most DEGs repressed in nearly all GABA mutants as shown in Fig 3.13) in these processes

under control conditions (Fig 3.11), and the changes induced by submergence were not
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Figure 3.28: Differentially expressed genes of WT and GABA mutants in arginine and proline
metabolism (ath00330) after submergence. From left to right in a box: WT, gad1*, gad1KO,
gad2-1, gad1245, gad2OE, pop2-8.

as significant as in other pathways. After submergence, ADC, which functions in PA

biosynthesis, was found to be down-regulated in WT and up-regulated in gad1245, but

not altered in other mutants. This suggested the alternative PA pathway for GABA

biosynthesis is promoted in this line as it could not use the GADs to produce GABA.

An elevated ALDH expression was also seen, in all GAD mutants, but it was repressed

strongly in WT and slightly in pop2-8, suggested the promoted mRNA from 4-ABAL to

GABA in GAD mutants.

3.1.4 Mutation-specific transcriptional response to submergence

The previous section examined the submergence responses for each of the 7 lines, including

WT and GABA mutants. However, further investigation was needed in order to ascertain

how the GABA mutants respond to submergence due to disturbed GABA shunt capability.

Therefore, common submerge responses as WT should be excluded, their transcriptomic

differences to WT under control conditions should also be considered in order to get the

mutation-specific submerge-response (MutSub).
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Figure 3.32: Log2 fold change of core hypoxia-responsive genes among MutSub DEGs in GABA
mutants after submergence.

3.1.4.2 GO enrichment analysis of mutation-specific submergence-responsive

genes in GABA mutants

The mutation-specific submergence-responsive DEGs in each GABA mutant were split

into up- and down- regulated genes and went through separate GO enrichment analyses,

resulting in 101 (Fig 3.33a GO-Up results) and 98 (Fig 3.33b GO-Down results) enriched

GO terms, respectively. A complete list of these terms is shown in Table C.7 in the same

order as in the heat maps of Fig 3.33.

GO-Up results included 12 terms shared in all six GABA mutants, mainly response to

ABA, JA, lipid, alcohol, fatty acid and decreased oxygen level, oxoacid metabolic process

and carboxylic acid catabolic process. GO-Down results included five terms shared across

all GABA mutants: polysaccharide metabolic process, external encapsulating structure

organization, and auxin related processes such as response to auxin, cellular response to

auxin stimulus, auxin-activated signalling pathway. As in Fig C.20, gad1245 and the two

GABA-accumulating lines shared 8 GO terms in GO-Up results. They were glutathione

transferase activiy, protein serine/threonine kinase and flavin adenine dinucleotide binding,

and five metabolic processes including alpha-amino acid, aromatic amino acid, indolalky-

lamin and tryptophan. In GO-Up results, response to reactive oxygen species (GO:0000302)

and hydrogen peroxide (GO:0042542) were not enriched in gad1* and gad2-1, and positive

regulation of leaf senescence (GO:1900057) was also not enriched in gad1245 (Table C.7),

indicating that in response to submergence, these two lines were likely to experience less
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(b) Down-regulated genes enriched 98 terms

Figure 3.33: Clustering patterns of GO terms enriched through up- or down-regulated MutSub
DE genes in GABA mutants after submergence. GO terms with Bonferroni adjusted P < 0.01
was considered significantly enriched and -log10 P was presented in the heat maps. (a) 101 terms
enriched by up-regulated genes. (b) 98 terms enriched by down-regulated genes.

ROS damage and senescence than WT, in contrast to the other mutants.

In GO-Down results, 15 out of 98 terms were related to chlorophyll biosythetic and

metabolic processes or took place in plastid and chloroplast, which is similar to the

previous section 3.1.3 where mainly gad1KO, gad2OE and pop2-8 were greatly affected in

these processes. Nine terms belong to ‘CC’ still showed up in all three lines, suggesting

their DEGs function in these cell components, but mostly only pop2-8 were enriched

in the 6 biological processes (Fig C.22). In addition, dark reaction of photosynthesis

(GO:0019685) were enriched in gad1KO, meaning the six DEGs involved in this process

were more down-regulated than WT in response to submergence than the other mutants.

pop2-8 had 8 DEGs, but its total number of DEGs were larger, thus this process were not

calculated as significantly over-represented, but still, these down-regulated genes suggest

the mutants had less transcription related to the photosynthetis dark reaction, which could

affect carbon fixation (Table C.7).
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3.1.4.3 KEGG enrichment analysis of mutation-specific submergence-responsive

genes in GABA mutants

The mutation-specific submergence-responsive DEGs in each GABA mutant went through

KEGG pathway analyses, resulting in 49 enriched pathways with distinct patterns (Fig

3.34) as summarised in Table C.8. Although the GABA-shunt pathway were affected

differently in the mutants, the six enriched pathways shared across all six mutants sug-

gested that: disturbed GABA shunt in general have these processes significantly affected

by submergence and they were different from WT. These pathways were: plant hormone

signal transduction and five metabolic processes involved lipids (fatty acid degradation and

alpha-Linolenic acid metabolism), amino acids (valine, leucine and isoleucine degradation;

beta-alanine metabolism), as well as terpenoids and polyketides (zeatin biosynthesis).

Although all affected, gad2-1, gad1245 and gad2OE were more promoted in some of the

pathways than the other mutants.

Twenty-five pathways were partially shared across the mutants, which belonged to nine

sub classes: “Amino acid metabolism” (×8), “Biosynthesis of other secondary metabolites”

(×5), “Carbohydrate metabolism” (×3), “Energy metabolism” (×2), “Lipid metabolism”

(×1), “Metabolism of cofactors and vitamins” (×2), “Metabolism of other amino acids”

(×2), “Metabolism of terpenoids and polyketides” (×1), and “Signal transduction” (×1).

Most of them showed up in gad1245 (×19), gad2OE (×18) and pop2-8 (×19) while

gad1KO, gad1* and gad2-1 only had 12, 7 and 5 enriched pathways, respectively. This

suggested that the strategies of gad2-1 and gad1* plants to cope with submergence were

the least different from WT than the other four mutants.

Five pathways were shared among five mutants, leaving only one line not affected. “Glycine,

serine and threonine metabolism” and “Tryptophan metabolism” were not in gad2-1 ;

“Cysteine and methionine metabolism” and “Cyanoamino acid metabolism” were not in

gad1* ; “Arginine and proline metabolism” not in gad1KO.

Once again, gad1245 had some different response compared to its two parent lines. Three

pathways were not enriched in gad2-1 but they showed up in gad1KO, gad1245, gad2OE

and pop2-8, i.e. starch and sucrose metabolism, glycerolipid metabolism and indole alkaloid

biosynthesis. Pentose and glucuronate interconversions was not enriched in gad1245 but it

was in the two parent lines (gad1KO and gad2-1 ) of gad1245, as well as in gad1*. On the

contrary, eight pathways were enriched in gad1245 but neither of its parent lines (Fig 3.34,

Table C.8). Among them one was also enriched in gad1* plants: lysine degradation; three

also appeared in pop2-8 plants: phenylalanine metabolism, isoquinoline alkaloid biosyn-

thesis, glucosinolate biosynthesis; the other four also showed up in gad2OE and pop2-8

plants: glutathione metabolism, tyrosine metabolism, limonene and pinene degradation,
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Figure 3.34: KEGG pathway analysis of mutation-specific responsive DE genes in GABA
mutants after submergence. The clustered enrichment pattern displayed the -log 10 P value. All
coloured cells represented significantly enriched pathways with Bonferroni adjusted P < 0.05.

and phenylalanine, tyrosine and tryptophan biosynthesis. These results suggested that

although the GABA content was significantly lower in gad1245 than in either gad2OE or

pop2-8, somehow they were still able to regulate similar processes in order to cope with

submergence.

Eighteen pathways were uniquely enriched in one specific GABA mutants, with most

metabolism related. The four GABA-deficient lines mainly involved in metabolism of

carbohydrate, energy, lipid, terpenoids and polyketides while gad2OE and pop2-8 par-

ticipated mostly in secondary metabolites, amino acid and lipid metabolism. Other

than the above metabolic processes, gad1KO and gad1245 also corresponded to envi-

ronmental adaptation, and pop2-8 promoted genetic information processing (replication
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and repair as well as translation). Specifically, they were: “Galactose metabolism” in

gad1* ; “Propanoate metabolism” and “Linoleic acid metabolism” in gad2-1 ; “Diterpenoid

biosynthesis” and “Plant-pathogen interaction” in gad1245 ; “Caffeine metabolism”, “An-

thocyanin biosynthesis” and “Sphingolipid metabolism” in gad2OE ; “Glyoxylate and

dicarboxylate metabolism”, “Carbon fixation in photosynthetic organisms”, “Glycerophos-

pholipid metabolism”, “Carotenoid biosynthesis” and “Plant circadian rhythm” in gad1KO ;

“Lysine biosynthesis”, “Histidine metabolism”, “DNA replication”, “Base excision repair”

and “Ribosome” in pop2-8. Only pop2-8 plants involved in changed translation processes

in response to flooding, suggesting a change of post-transcriptional in this line may happen.

Tryptophan metabolism. gad1245 had greatly affected tryptophan metabolism com-

pared to its two parent lines: gad1KO only enriched in a less extent while gad2-1 not

significantly affected at all. Tryptophan metabolism is pathogen-triggered and regulated

by MYB transcription factors as well as products during indole glucosinate conversion.

CYP79B2 and CYP79B3 enzymes work redundantly converting tryptophan to indole-3-

acetaldoxime (IAOx). IAOx represents a branching point for indolic glucosinolate (IG)

biosynthesis, camalexin and indole-carboxylic acids (ICA) pathways. As a secondary

metabolite, camelexin functions as antimicrobial and antioxidative substances. In all

GABA mutants except for gad1* and gad2-1, the expression of CYP79B2 was found to

be up-regulated. CYP79B3 was also up-regulated in gad1245, suggesting an increased

production of IAOx and promoted pathogen response. Thus gad2-1 plants may not expe-

rience as severe fungal attack than other lines, which could potentially be an advantage

during the following recovery period.

3.1.5 Metabolomics response of GABA mutants before and after

submergence

Although increased transcript abundance is usually regarded as induced gene expression,

due to the variance of post-transcriptional regulation between different genes, transcript

abundance may not necessary represent actual increased/decrease rates of gene transcrip-

tion or reflect the amount of final active protein product. For example, Taylor et al. (2010)

reported that anoxia altered abundance of mitochondrial proteins were not reflected in

transcript levels. Therefore, a metabolomics analyses was conducted to determine if gene

expression correlated with cellular metabolite changes in response to hypoxia stress.

3.1.5.1 TCA intermediates content under control, submergence and recovery

For all mutants, the content of citrate, isocitrate and fumarate were significantly lower

than WT under control, suggesting that the TCA cycle were affected due to disturbed

GABA shunt efficiency.
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Figure 3.35: TCA intermediates content under control, submergence and recovery in WT and
GABA mutants. Stars showed significance between WT and mutant under the same treatment
(P < 0.05) using student t-test.

Pyruvate content was significantly higher in gad1* compared to WT under control

conditions. No significant differences in pyruvate were observed between mutants and

WT under other conditions, except for gad1245 pyruvate decreased greatly after flooding

and then increased when returned to normal conditions, a different trend to other lines.

Under control conditions, citrate and isocitrate content in all six GABA mutants, and

fumarate content in four mutants were lower than that in WT, which could be due to

decreased succinate levels as in the case of gad2-1 and gad1245 plants (Fig 3.35). After

submergence, citrate levels in all lines largely decreased, with only pop2-8 significantly

lower than WT; after recovery no mutants showed significant differences compared to WT,

although gad1245 and pop2-8 had relatively lower levels of citrate. The precursor of citrate,

isocitrate content were not dramatically altered in most lines, still gad2-1 and gad2OE

under submergence and pop2 after recovery still had lower levels of isocitrate than in WT

under the same conditions. Succinate in gad2-1 and gad1245 under control conditions was

significantly lower than WT, however, after 6d flooding, only gad1* contained a higher

level of succinate than WT. After a further 2d recovery, gad1245 maintained the highest

succinate content.
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3.1.5.2 Amino acid content under control, submergence and recovery condi-

tions

Previous sections of this chapter have shown that there were significant changes in the

transcriptome profiles between WT and GABA mutants even under control conditions,

and many metabolic processes involving amino acid metabolism were significantly altered,

however, the content of many amino acids were not (Fig 3.36).

Not surprisingly, pop2-8 had the greatest GABA content under any conditions due to the

block of GABA catabolism through the main GABA shunt pathway, while gad2-1 and

gad1245 had minimal GABA content in all conditions. The extremely high accumulated

GABA in pop2-8 plants but none other lines also suggests that no matter under control

or submerged conditions, GABA metabolism is a finely tuned and seems to be rapidly

produced and catalysed if needed. In fact, GABA accumulation has also been reported in

response to hypoxia within 24 h but it also decreased shortly after (Miyashita and Good,

2008), suggesting the fast catabolism of GABA. The expression of GAD1 in gad1* leaves

was much higher than in WT (Fig 3.20) but GABA concentration were not significantly

higher than in WT leaves, which might be due to a much higher flux through the GABA

shunt in gad1* than in WT, resulting in a similar steady state GABA levels. This higher

flux through the GABA shunt can be beneficial for carbon metabolism (Michaeli et al.,

2011), which contributed to hypoxia tolerance of gad1*. Previous studies have shown

that except for the GABA shunt, other pathways such as polyamine oxidation could

also contribute to GABA accumulation upon stresses, thus here the net minimal GABA

observed in these two lines can either mean the GABA produced by the other pathway

was efficiently consumed (as in Fig 3.35 higher succinate levels were seen in gad1245 ),

or there may not be that much GABA produced under the condition of this experiment.

gad2OE mutant didn’t show a significant higher GABA concentration than WT under

control and submergence, but only under recovery, suggesting that the driving promoter

probably could contribute more to GABA accumulation during the post-hypoxic period

rather than non-stress or submerged conditions. These observations confirmed that as the

major pathway for GABA metabolism, a disturbed GABA shunt significantly changed the

concentration of GABA either under normal or stressed conditions.
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Figure 3.36: Amino acids content under control, submergence and recovery in WT and GABA
mutants. Stars represent significance between WT and mutant under the same treatment (P
< 0.05) using student t-test (black) or one way ANOVA (red). Different letters represent
significant differences under the same conditions using one way ANOVA.

112



Alanine content was higher in control plants of the two GAD1 lines and gad2OE, then it

dramatically decreased in all lines after submergence, and increased to some extent after

returning to normal conditions, with only gad2OE containing higher alanine than WT at

the end of recovery. The observation of elevated/reduced Ala could be related to its de-

creased/increased catabolism to pyruvate, which involves several alanine aminotransferases

that play important roles in amino acid metabolism and are closely related to the GABA

shunt. When alanine is converted to Pyruvate, 2-OG is also converted to Glu, which is

the substrate for GABA biosynthesis. For example, alanine–glyoxylate aminotransferase 3

(AGT3 ) and the mitochondrial AGT2 homolog 3 (PYD4 ) expresson in all control mutants

was found to be repressed (Fig 3.14). However, after 6 d submergence, AGT3 and alanine

aminotransferase 2 (AlaAT2 ) had promoted expression in all mutants but was not affected

in WT, while PYD4 expression was decreased in WT and increased in four mutants (not

gad1* and gad2-1 ).

Glutamate and glutamine content both decreased after submergence and in most cases

there were not big differences between mutants and WT, this suggested that although

glutamate metabolism in GABA shunt was affected in different manner, the mutants

were able to adjusting other metabolic processes on their own need, through other pathways.

Methionine is the precursor of ethylene, and it could also be eventually converted into Spm

and Spd, which play a role in polyamine pathway of GABA production. In the current

study, gad2OE leaves had a higher Met content than WT leaves under control conditions,

and there was no difference between all submerged leaves, while at the end of recovery,

gad1KO had a higher Met content than three mutants (gad1*, gad1245 and gad2OE ).

3.2 Conclusion

Under standard growth conditions, all GABA mutants showed normal development al-

though GABA-deficient lines had significantly lower GABA content than both WT and

gad2OE, while pop2-8 maintained the highest content of GABA (Fig 3.36). In terms of

biomass and PSII photosynthesis, there were also no significant differences between WT

and the GABA mutants. The mutants do have differences in terms of water management,

as the two GABA accumulating lines gad2OE and pop2-8 had higher relative water content

than the GAD1 lines, especially gad1KO (Fig 3.2).

Impaired GABA shunt pathway regulate submergence responses and recovery.

Under submergence, shoots tend to maintain a higher oxygen level than the other organs

due to both the night-time inward diffusion from the water column and daytime endoge-

nous production from underwater photosynthesis (Winkel et al., 2013; Rich et al., 2013).
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After 6 d submergence, potential quantum efficiency of PS II (Fv/Fm) was significantly

decreased (Fig 3.3), indicating less efficient use of light energy and more photoinhibition

damage in all accessions under submergence. However, the different degree of Fv/Fm

inhibition between all seven lines suggested the submerged plants could have maintained

some oxygen in their leaves due to underwater photosynthesis, but it can be very different.

In other words, the actually ‘hypoxia’ challenge each line faced was not exactly the same,

although they were all subjected to submergence. Submergence affected the photosynthesis

related process in GABA mutants more than WT, as all mutants “carbon fixation in

photosynthetic organisms” was enriched except for gad1245 and gad2OE, “Photosynthesis -

antenna proteins” was also affected in gad2-1, gad2OE and pop2-8 and the genes encoding

LHC proteins were down-regulated in these lines (Fig 3.25), suggesting these mutants

differ to WT in terms of photosynthesis. In agreement with the physiological results, GO

enrichment analysis revealed that three of the GABA mutants, gad1KO, gad2OE and

pop2-8 differentially regulated genes were over-represented in the chlorophyll biosynthetic

and metabolic process, suggesting the importance of GAD1 and GABA-T in submerged

plants to maintain underwater photosynthesis. As under control conditions, these processes

were not significantly altered compared to WT (Fig 3.11), it seems submergence greatly

impaired the capability of GABA mutants to maintain photosynthesis. This is in corre-

sponding with the Fv/Fm results as gad1245 and pop2-8, which had the most disturbed

GABA shunt, decreased more than the other mutants in Fig 3.3 after submergence.

Transcriptionally primed GABA mutants before submergence. Under abiotic

stress, transcription factors that are hormone- and stress-responsive participate in the

regulation of plant hormone signalling pathways. Current results showed that although

physiologically no significant differences could be observed, the transcripts of GABA

mutants have shown acclimation to multiple stresses/hormones under control conditions.

Promoted oxygen sensing in GABA mutants under control conditions may occur due

to altered GO processes related to oxygen levels, as well as the RAP2 family related

genes expression. Enhanced response to plant hormones in GABA mutants under control

were also seen, except for gad2-1 which showed less impact in these two pathways. In

addition, altered circadian rhythm (not GAD1 mutants), and greatly affected metabolic

processes especially the two most closely related to the GABA shunt (alanine, aspartate

and glutamate; arginine and proline) occurred in non-stressed GABA mutants. All of

these transcriptome adapatations could be correlated to the hypoxia tolerance. Moreover,

the importance of GAD1 in leaves was shown in response to light submergence, as its

expression dramatically increased in all lines, more than that of GAD4 (Fig 3.20), while

GAD4 induction was reported previously (Miyashita and Good, 2008; Wang et al., 2014)

but not for GAD1. This is supported by the fully recovery of Fv/Fm (Fig 3.3) in the

gad* plants which had high GAD1 expression in leaves and shoots, and the relative

higher tolerance in the gad2-1 plants than the mutants that had GAD1 knockout such
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as gad1KO and gad1245. Also, gad1* and gad2-1 plants have less transcripts related

to responses to ROS and hydrogen peroxide, which potentially mean these two lines

experienced less oxidative stress than the other lines. This could be due to the current

submergence experiment was not under complete darkness, which could induce more severe

leaf senescence in the two GABA accumulating lines than in gad2-1 and WT as shown in

Fig C.2a. The greatly increased GAD1 expression after submergence were also reported

recently in WT and some mitochondrial mutants when submerged under day/light cycles

which was of greater fold change than GAD4 (Meng et al., 2020).

An impaired GABA shunt pathway affects metabolic profiles before, during and

after submergence. The reconfiguration of N metabolism upon hypoxia and recovery is

critical, during which alanine aminotransferase (AlaAT) and glutamate Dehydrogenase

(GDH) both play important roles (Diab and Limami, 2016), and these genes were also

DEGs in GABA mutants. Liu et al. (2021) studied two peanut cultivars after 12d wa-

terlogging and found that differentially accumulated proteins (DAPs) uniquely in the

roots of the tolerant line were related to malate metabolism and glyoxylic acid cycle, e.g.

L-lactate dehydrogenase (LDH), NAD+-dependent malic enzyme (NAD-ME), aspartate

aminotransferase (AspAT) and glutamate dehydrogenase (GDH). The tolerant line also

had higher activity of alcohol dehydrogenase (ADH) and malate dehydrogenase (MDH),

and prolonged activity of LDH than the sensitive line upon waterlogging. It acquired a

better tolerance to waterlogging due to efficiently using various carbon sources (through

enhanced anaerobic respiration, malate metabolism and glycoylic acid cycle) to maintain

energy and thus decreasing the accumulation of toxic substances upon stress (Liu et al.,

2021). In the current study, the higher accumulation of alanine could contribute to plants

adaptation under submergence and recovery. Proline accumulation under stresses is related

to control the stability or activity of ROS scavenging enzymes (e.g. APX, GSH) in the

glutathione-ascorbate cycle (Székely et al., 2008). In this study, most of the mutants had

lower proline than WT before submergence, but after submergence, only in gad1* and

gad2-1 was the proline content higher than submerged WT plants. This is in line with

altered expression of genes related in these metabolic processes(Fig 3.13, 3.28), and also

with the better overall performance of these two lines, again with the GO enrichment

results, suggesting them experiencing less ROS-induced damage than other lines. Alanine

metabolism is closely related to GABA metabolism and it was transcriptionally affected

under both normal and submergence (Fig 3.14, 3.27). The hypoxia induced alanine accu-

mulation was reported to be important for tolerance of plants, and it could be partially

derived from the GABA shunt pathway (Miyashita and Good, 2008). Under submergence,

the rapid accumulated GABA could be converted to SSA by GABA-T (the pop2-8 plants

could accumulate higher level of GABA), using pyruvate as the amino receptor and thus

produce alanine in the same time. The alanine concentration in gad1245 and pop2-8

were both lower compared to GAD1 lines under control conditions, and to gad2OE after
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recovery. One reason could be in these two lines the flow of the GABA shunt pathway is

reduced, due to GADs knockout and GABA-T knockout, respectively.

The current study showed different tolerance and strategies of the GABA mutants to cope

with submergence, illustrated their physiological, transcriptional and metabolic responses,

suggested the essential nature of GAD1 and GABA-T in regulating GABA concentration

to submergence and the post-hypoxia stresses.

3.3 Materials and methods

3.3.1 Plant material and growth conditions

Seven lines of Arabidopsis were used in the experiment as described previously (Table 1.2).

The mutants were:

GAD1 T-DNA insertion which did not result in GABA-deficient: gad1*. GABA-deficient

lines: gad1KO, gad2-1, and gad1245.

GABA-accumulating line by GAD2 over expression: gad2OE.

GABA-accumulating line through GABA-T deficiency: pop2-8.

Seeds were sown in pots containing vermiculite, perlite and soil in a 1:1:3 volume mixture

and cold stratified in the dark for 3 d. The pot plants were transferred to a climate-

controlled chamber. The temperature was 22°C/22°C (day/night), relative humidity was

65%, and photoperiod was 14 h/10 h (day/night) at 120 µmol m−2sec−1 photosynthetic

photon flux density (PPFD). The pots were wrapped with a black mesh with a small hole

for the seedling to grow through at the four-leaf stage. This was to prevent the leaching of

soil material during subsequent submergence.

For the submergence treatment, 4.5 weeks old plants were completely submerged for 6 d

in transparent bins (volume: 75 L; height: 50 cm) filled with 40 cm of water, and the light

was slightly dimmed to 100 µmol PPFD. For de-submergence (Recovery) treatment, the

plants were removed from the water and transferred back to standard growth conditions

as above for 2 d.

Leaf tissue of six individual Arabidopsis plants was harvested at midday for total RNA

and metabolites extraction before (Day 0, Control) and after submergence (Day 6, Sub-

mergence) as well as after de-submergence (Day 8, Recover). Samples were weighed, sealed

in 1.5 mL Eppendorf tube, and quickly snap frozen using liquid nitrogen. All samples

were stored in -80◦C until extraction.

The main experiment of this chapter was conducted in the Whelan lab at La Trobe
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University, and the other independent submergence and recovery experiments were repeated

afterwards in the Gilliham lab at the University of Adelaide in a short-day growth room

(10/14 h day/night cycles instead of 14h/10h, Fig C.1, C.2).

3.3.2 Biomass and maximum quantum yield

Rosette fresh weight (FW), turgid weight (TW) and dry weight (DW) and relative water

content (RWC) were measured and calculated using equation 3.1 (Yeung et al., 2018).

RWC(100%) =
FW −DW

TW −DW
×100 (3.1)

Maximum quantum yield (Fv/Fm, variable fluorescence/maximal fluorescence) were deter-

mined according to Rossel et al. (2006). Briefly, after short (5 min) dark acclimation, pulsed

actinic light at 120 µmol m−2sec−1 were applied to the plants using the IMAGING-PAM

M-series Chlorophyll Fluorescence System according to the manufacturer’s instructions

(Walz). Leaves with an Fv/Fm below detection level were marked as dead.

3.3.3 RNA-seq and bioinformatic analyses

Mature leaf tissue of three biological replicates from the control and submergence treat-

ments for each line were used. Five to ten leaves from each plant were pooled and ground

using a Tissue Lyser II (Qiagen). Total RNA was isolated using the Spectrum™ Plant Total

RNA Kit (Sigma) according to the manufacturer’s instructions, and DNA was removed

via on-column DNase digestion using the RNase-Free DNase kit (Sigma). The RNA was

eluted in molecular grade DNase- and RNase-free water (Sigma) and integrity validated

on agarose gels. The libraries for RNA-seq were constructed according to the manuals

provided by the TruSeq Stranded mRNA Library Prep Kit (Illumina, Scoresby, Victoria,

Australia) and then sequenced on the NextSeq 500 system platform (Illumina) as 76-bp

single-end reads with an average quality score (Q30) of above 95% and on average 23M

reads per sample. Libraries were prepared and sequenced in the Whelan lab at La Trobe

University.

To process raw sequencing data to gene counts, multiple tools were used for checking

the read quality and trimming, mapping and counting. Raw sequencing reads were

checked for quality using FastQC (version 0.11.8) and adapters trimmed with Trimmo-

matic (version 0.39) (Bolger et al., 2014). The trimmed FASTQ reads were mapped to the

TAIR10 reference genome (https://www.arabidopsis.org) using STAR (version 2.7.3a)

(Dobin et al., 2012). Aligned reads of each gene were counted based on the Araport11

genome annotation by featureCounts in Subread (version 1.6.4) (Liao et al., 2013b) The

mapping of raw sequencing data to gene counts were performed by Charlotte Sai in

Snakemake (Köster and Rahmann, 2012) and processed on the University of Adelaide’s
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High Performance Compute (HPC) Service - ‘Phoenix’ (https://www.adelaide.edu.au/

technology/research/high-performance-computing/phoenix-hpc).

The following analysis includes differential gene expression, functional and pathway analysis

conducted in R (version 4.0.3). The R package ‘edgeR’ (version 3.34.1) was used to test for

differential gene expression (Chen et al., 2016). Lowly expressed genes (less than five counts

in a quarter of all samples per line) were eliminated using the filterByExpr() function in the

edgeR. Genes had absolute log2 Fold Change > 1 and Bonferroni adjusted P value adj.P <

0.05 were regarded as differentially expressed genes (DEGs). Overlaps in the list of DEGs

across different comparison groups were identified and visualised by UpSet plots using R

function UpSetR (version 1.4.0) in the package ‘ComplexHeatmap’ (Conway et al., 2017).

Heatmaps were drawn using R function pheatmap (version 1.0.12) in the ComplexHeatmap

(Kolde, 2019). Gene Ontology analysis was performed using biomaRt (Durinck et al., 2009),

GO.db (Carlson, 2021) and annotate (Gentleman, 2021) to determine the genotype specific

functional enrichment (i.e. over-represented processes). KEGG (Kyoto Encyclopedia of

Genes and Genomes) pathway analysis (using KEGGREST) was performed to determine

pathway enrichment between WT and GABA mutants under control and submerged

conditions (Tenenbaum and Maintainer, 2021). Detailed parameter settings are contained

within R code and R session information available on GitHub (https://github.com/

LillyCollins/ArabidopsisRNAseq_Control.git for control plants, https://github.

com/LillyCollins/ArabidopsisRNAseq_Submergence.git for submergence response of

WT and GABA mutants, https://github.com/LillyCollins/ArabidopsisRNAseq_

MutSubmg.git for mutation-specific submergence response of GABA mutants).

3.3.4 Metabolite extraction and quantification

Metabolite extraction was conducted at Metabolomics Australia Perth according to the

protocol they provided. They provided: (1) extraction buffer, chloroform/methanol/water

(1 : 2.5 : 1, vvv); and (2) Mastermix, 0.5 mL ice cold extraction buffer and 0.5µL each

internal standard (sorbitol and valine) per sample. After weighing out frozen leaf sample

(normally >30 mg) as quick and cold as possible, 2 beads were added to the tube and

the tissues were ground with Retsch Mill for 1 min (up to 3 min for larger sample) using

pre-frozen trays. Then immediately mastermix was added to the ground sample, vortexed

for 15 min, shaken at 4◦C for 15 min in ice blocks on the Multitube vortexer, centrifuged

at 14,500g for 3 min at 4◦C to remove debris, and all of the supernatant was transferred to

clean 1.5 mL tube on ice (Tube ‘A’). Metabolites were extracted again from the remaining

pellet by adding 0.5 mL cold extraction buffer (without internal standards), vortexing

for 15 sec, repetition of the above shake and centrifuge processes, and the supernatant

was also transferred to Tube ‘A’. Tube ‘A’ was centrifuged again and 0.8mL supernatant

were transferred to a new labelled 1.5 µL tube (Tube ‘B’). 0.4 mL of water was added

118



to Tube ‘B’, which was then vortexed for 1 min and centrifuged for 3 min. Then 700 µL

of the extract’s polar (upper) phase was transferred to a clean 1.5 mL tube (Tube ‘C’),

and 60 µL was aliquoted into glass insert placed inside of a labelled 1.5ml tube (Tube

‘D’). 20 µL of every sample was transferred into a new 2 mL Eppendorf tube for pooling

and with 5x 60 µL aliquoted as a pool. All pulled samples were dried down in speed vac

overnight at room temperature together with remaining extract tubes, as metabolites

degrade completely within 24 h in extraction buffer. Once completely dry, samples were

stored at -80◦C and they were re-dried for 30 min before GC-MS run.

Semi-quantitative analysis of polar metabolites were conducted by Metabolomics Australia

Perth using TMS derivatisation and Gas Chromatography–Mass Spectrometry (GCMS)

instrumentation, and the results were divided into metabolites within the TCA cycle and

other metabolites. Vendor software and databases for the analysis and identification of

the metabolites were used, and used the quality control standard mix from Metabolomics

Australia Perth were used to validate the results. The results (arbitrary numbers without

a unit) represented the area below the compound peak in the chromatogram of the GCMS

analysis, also referred to as the abundance. The results were normalised to an internal

standard to compare one compound within several samples, adjusted for 100mg fresh

weight of each sample, and then the percentage of the metabolite abundance per total

abundance was calculated for metabolites in each sample.

Quantitative analyses were also conducted by Alex Lee (ARC Centre of Excellence in

Plant Energy Biology) using liquid chromatography selective reaction monitoring mass

spectrometry (LC-SRM-MS). For organic acids, 50 µL of 250 mM 3-nitrophenylhydrazine

in 50% methanol, 50 µL of 150 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide in

methanol, and 50 µL of 7.5% pyridine in 75% methanol were mixed and allowed to react

on ice for 60 minutes for each of 100 µL of sample. 50 µL of 2 mg mL-1 butylated-

hydroxytoluene in methanol was added to terminate the reaction, followed by the addition

of 700 µL of water. Derivatized organic acids were separated on a Phenomenex Kinetex

XB-C18 column (50 x 2.1mm, 5µm particle size) using 0.1% formic acid in water and

methanol with 0.1% formic acid as the mobile phase. For amino acid, dried samples were

re-suspended in 50 mL water. Chromatographic separation was performed using Agilent

Poroshell 120 HILIC-Z column, using mobile phases of 20 mM ammonium formate in water

and 20 mM ammonium formate in acetonitrile. The Agilent 6430 Triple Quadrupole mass

spectrometer (QQQ-MS) was operated in negative (organic acids) or positive (amino acids)

ion mode in selective reaction monitoring (SRM) mode. For each sample, 1 µL or a 15 µL

aliquot was injected and analysed using an Agilent 1100 HPLC system coupled to QQQ-MS

an equipped with an electrospray ion source. Data acquisition and LC-MS control were

done using the Agilent MassHunter Data Acquisition software. Data acquisition and

analysis were carried out using Agilent MassHunter Data Acquisition and MassHunter
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Quantitative Analysis Softwares. Metabolites were quantified by comparing the integrated

peak area with a calibration curve obtained using authentic standards, and normalised

against fresh weight and internal standards.
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CHAPTER 4

The role of the putative GABA

binding motif in regulating

pH-dependent anion transport

The gamma-aminobutytic acid, GABA, was found to be rapidly accumulated in plants

under stresses (Loreti et al., 2016). The aluminum-activated malate transporters (ALMTs)

contribute to plants’ tolerance towards toxic aluminum ions in the soil (Meyer et al.,

2011; Luu et al., 2019). GABA can reduce the anion transport activity of ALMT and the

inhibition was proposed to occur via a direct interaction with the putative binding motif

(12 amino acids) (Ramesh et al., 2015). A substitution in the first amino acid residue of

ALMT could abolish the its sensitivity to GABA, and the interaction was proposed to be

in the cytosolic site of the membrane (Ramesh et al., 2015; Long et al., 2019). For detailed

review see Chapter 1 Section 1.5. In this chapter, the potential role of this putative plant

GABA biding motif in regulating anion transport under different pH was explored, to

better understand how GABA signalling through ALMT. Substitution of the last residue

was conducted and whole cell currents under different solution and pH combinations were

investigated. The channel activity and pH sensitivity of both wild type and mutants were

studied.

4.1 Results

After site-directed mutagenesis PCR, cDNA of the two mutants were sequenced and

confirmed the mutation at the site of H224 (Fig D.1) into alaninie (H224A, FigD.1a)

and arginine (H224R, FigD.1b). Then the cRNA of TaALMT1 WT and three mutants

(TaALMT1F213C , TaALMT1H224A and TaALMT1H224R) were injected into X. laevis oocytes

to express for 1-2 d. All control or gene-expressing oocytes were pre-loaded with 10 mM

malate via injection 1-4h before testing them in different solutions (low or high pH with
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or without 10 mM malate).

4.1.1 External malate activated TaALMT1-mediated currents

were altered by site-mutations at alkaline pH

Figure 4.1: Electrophysiological characterisation of control (i.e. not injected with cRNA,
triangles) and gene-expressing (circles) X. laevis oocytes preloaded with malate at pH 7.5. Mean
I/V relationship of n ≥ 6 oocytes recorded in the absence (white symbols) and presence (black
symbols) of 10 mM malate in the recording solutions. Data show mean ± SEM. Oocytes were
injected with water or cRNA of TaALMT1 wildtype or site-directed mutants.

The ionic conductance of TaALMT1, TaALMT1F213C , TaALMT1H224A and TaALMT1H224R

were examined firstly under pH 7.5 with and without external malate. Adding 10 mM

malate to the pH 7.5 solution resulted in significantly enhanced inward negative currents in

the wildtype TaALMT1-expressing cells but not in water injected control cells at holding

potential ≤ -100 mV, suggesting that malate efflux can be activated by external malate

through TaALMT1 (Fig 4.1(a), 4.4a), as expected. The increased current magnitude due to

to external malate in the media was significant at holding potentials more negative than -60

mV in TaALMT1H224R injected cells while in TaALMT1F213C injected cells the differences
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were evident at more negative holding potential (-140 mV) and in TaALMT1H224A injected

cells this was not seen.

A closer examination of currents at -120 mV were conducted for all genotypes under

either solution (Fig 4.4a). Compared to TaALMT1, TaALMT1F213C and TaALMT1H224A

abolished the malate-activation at -120 mV, while TaALMT1H224R showed a significant

and an approximately 2.5 fold greater malate efflux due to the addition of malate to the

basal solution. This indicates the substitution of the first or last residue of the putative

GABA binding motif changed its channel activity in response to external malate. In

accordance with this, in pH 7.5 solutions containing malate, TaALMT1H224R also had

larger negative currents than the other two mutants, however there were no significant

differences between TaALMT1 and any of the mutants in non-malate solutions (Fig 4.4a).

These results suggested that both TaALMT1F213C and TaALMT1H224A have a severely

diminished ability to transport anions at alkaline pH. However, substituting an Arginine

for the Histidine residue somehow enhances the malate-activated anion efflux.

In addition, whether in the presence or absence of 10 mM malate in the recording solution,

there was a positive shift (20∼40 mV) of reversal potential (i.e. the voltage at which

the net current is zero, Erev) in all the gene-injected cells compared to control cells (Erev

= -10 mV). This shift of Erev of the inward current maybe due to TaALMT1 currents

being mediated by anion efflux, suggesting larger malate efflux due to TaALMT channel

functioning well regardless of the substitution of an amino acid, or may be due to a

consequence of mRNA injection – which is common. Further, examination would need to

be undertaken to differentiation of these two possibilities. For TaALMT1F213C-expressing

cells the addition of external malate to the media resulted in a negative 20 mV shift of

Erev, from 0 mV to -20 mV, suggesting that the external malate enhanced malate efflux in

these two lines is due to both the altered transporter’s selectivity and its increased anion

permeability. This may explain the larger malate activated currents detected from this

construct shown previously (Ramesh et al., 2015), although this was not observed here at

-120 mV (Fig 4.4a). On the contrary, all other constructs didn’t have an altered Erev upon

exposure to malate, suggesting that external malate enhanced malate efflux is not due

to an altered transporter’s selectivity but solely due to its increased anion permeability.

On the contrary, water-injected cells didn’t show a significant shift of reversal potential

whether the media contains malate or not.

Taken together, and the previous results of Ramesh et al. (2015), where TaALMT1F213C

had enhanced malate active currents, the increased/decreased magnitude of both negative

and positive currents and the shifted reversal potential indicate that TaALMT1 can

regulate an external malate enhanced malate efflux from the cell. This regulation may be

altered by a cysteine substitution of the first residue (Phenylalanine) of the GABA-binding
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motif although the contradiction in my data and that of Ramesh et al. (2015) needs to

be further explored. Substitution of the histidine with an alanine inhibited transport

capacity. Furthermore, currents were promoted by an arginine substitution of the histidine

residue. This may be a result of alanine being uncharged and hydrophobic, while arginine

are positively charged and hydrophillic and therefore the H224R substitution could help

stabilise the protein. Alanine also has a much smaller molecular weight compared to the

other two amino acids, which could affect the structure of the protein more.

4.1.2 External malate activated TaALMT1-mediated currents

were altered by site-mutations at acidic pH

Figure 4.2: I-V plots of water-injected (control) and gene-injected X. laevis oocytes preloaded
with malate and tested at pH 5.5. Oocytes were injected with water or cRNA of TaALMT1
wildtype or site-directed mutants. Two types of recording solutions were used, either plus 10
mM malate or without malate. n ≥ 6, data showed mean ± SEM.

In terms of how WT and site-directed TaALMT1 mutants facilitated malate efflux in

response to acidic pH, similar patterns could be observed as that for alkaline pH, but with

some differences. Oocytes injected with TaALMT1 WT or mutants were tested in the acidic

media at pH 4.5 (Fig 4.2) and pH 5.5 (Fig 4.3). Generally both pH conditions resulted
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Figure 4.3: I-V plots of water-injected (control) and gene-injected X. laevis oocytes preloaded
with malate and tested at pH 4.5. Oocytes were injected with water or cRNA of TaALMT1
wildtype or site-directed mutants. Two types of recording solutions were used, either plus 10
mM malate or without malate. n ≥ 6, data showed mean ± SEM.

in a decrease in the magnitude of the TaALMT1-mediated inward current compared to

at pH 7.5 (Fig 4.1), whether with external malate in the solutions or not. Compared

to control cells, both WT and the three mutants still maintained the activation of the

channel at the most negative holding potential (-140 mV) when malate was added to the

solution (Fig 4.2, 4.3) under acidic conditions. The cells expressing TaALMT1 wildtype or

mutants at acidic pH (pH 4.5 and 5,5) still had greater negative currents compared to

control cells, especially at the most negative holding potentials, no matter whether there

was external malate or not. TaALMT1H224R expressed cells were the most responsive,

with a more than 2-fold increase of negative currents (Fig 4.2(d), 4.2(d)), in contrast to

TaALMT1H224A which was the least responsive (Fig 4.3). These results indicates that

TaALMT1 has intrinsic properties and allows the protein to function as a malate efflux

transporter (at least in oocytes).

In terms of reversal potential at pH 5.5, all gene-expressing cells had a positive 20-30 mv

shift compared to control cells upon the addition of malate (Fig 4.2), which is not the
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(a) Malate efflux at -120 mV (pH 7.5)

(b) Malate efflux at -120 mV (pH 5.5 and 4.5)

Figure 4.4: Malate efflux at -120 mV of control and gene-expressing X. laevis oocytes ( n ≥ 6)
in alkaline (a) and acidic (b) solutions. Cells were injected with water or cRNA of TaALMT1
wildtype or site-directed mutants and incubated for 24-36 h, then preloaded with malate 1-4 h
before clamping. Two types of recording solutions were used, either plus 10 mM malate or with
no addition of malate. Different letters indicate significant differences between genotypes in a
particular solution using one-way ANOVA, with uppercase and lowercase representing solution
with or without 10 mM malate, respectively (P <0.05). Stars indicate student t-test significance.
* P <0.05, ** P <0.01.

same for at pH 7.5 (Fig 4.1). No shifts in reversal potential upon addition of malate were

shown for any of the constructs including TaALMTF213C , which showed a shift at pH7.5,

indicating the low probability of opening at acidic pH of all channels.

The currents at a holding potential of -120 mV holding potential were also examined

(Fig 4.4b). In the same solution at -120 mV, compared to WT, none of the mutants

showed significantly altered negative currents (either pH 5.5 or pH 4.5), and there were

also no significant differences between the mutants (Fig 4.4b). However, when adding
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malate to the solution, once again, both TaALMT1 and TaALMT1H224R showed significant

activation (i.e. larger negative currents in malate-containing solution than non-malate

solution), while TaALMT1F213C and TaALMT1H224A had no activation at -120 mV (Fig

4.4b), similar to the alkaline results (Fig 4.4a).

Taken together, it seems the substitution of one amino acid in the putative GABA-binding

motif, did not significantly change the ALMT-regulated currents directly at either alkaline

or acidic pH when malate is not added. However, it does affect ALMT-regulated channel

activation and malate efflux when malate is added to the solutions: the F213 and H224A

mutation both reduced the activation, while the H224R mutation promoted this activation

(Fig 4.4).

4.1.3 pH sensitivity of TaALMT1 was affected by site-mutations

It has been shown earlier that the mutants had altered channel activation capability in

both alkaline and acidic solutions in response to the addition of malate, although no

significant changes could be seen between mutants and WT when they were subjected

to the non-malate solution. Next the question is if that is also the case of pH sensitivity

for ALMT? The currents at -120 mV holding potential in response to pH changes were

examined and compared within each gene-expressing cells, to find out the pH response of

WT and mutants (Fig 4.5).

ALMT-mediated currents were significant upon addition of malate in both TaALMT1-

and TaALMT1H224R-expressing cells at both pH, but not significant in the other two

mutants-expressing cells (Fig 4.5), regardless of the presence of malate in the solution.

Although the currents were inhibited by acidic pH, compared to TaALMT1-expressing

cells, TaALMT1H224R-expressing cells had a greater activation when the solution contained

malate (Fig 4.5). These observations could probably be due to altered channel activation or

open probability. However, no altered pH sensitivity could be observed with the mutations

present using this analysis.

Previous results have shown that adding malate to the solution resulted in the channel

activation for oocytes injected with TaALMT1 WT and H224R cNDA. Next the percent

activation at both alkaline and acidic pH for TaALMT1 WT and mutants were cacculated

to reveal if there were significant differences in activating the channels. As shown in Fig

4.6, the H224R substitution had a greater percent activation than the other two mutants

at pH 7.5, and it also had significantly higer percent activation than F213C at pH 5.5, but

no differences at pH 4.5 could be observed. This could be due to the channel at pH 4.5

has already very low affinity for anion transport.
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Figure 4.5: Malate efflux at -120 mV of control and gene-expressing X. laevis oocytes (n ≥ 6) at
different pHs. All cells were injected with water or cRNA of TaALMT1 wildtype or site-directed
mutants and incubated for 24-36 h, then preloaded with malate 1-4 h before clamping. Two
types of recording solutions were used, either with or without 10 mM malate. Different lowercase
letters indicate significant differences within a genotype between solutions with different pH (P
<0.05) one-way ANOVA.

Figure 4.6: Percentage activation (%) of control and gene-expressing X. laevis oocytes at
different pH (n ≥ 4) at different pHs. All cells were injected with water or cRNA of TaALMT1
wildtype or site-directed mutants and incubated for 24-36 h, then preloaded with malate 1-4
h before clamping. The percent activation of channel was calculated as the percent of current
increased due to the addition of malate to the solution. Stars indicate significant differences in
channel activation between genotypes within the same pH condition (* P <0.05. * P <0.05)
one-way ANOVA.

4.1.4 Structural analysis of TaALMT1 based on the resolved

AtALMT1 structure

The sequence of TaALMT1 was firstly aligned to AtALMT1 sequence (4.7). Based on the

resolved secondary structure AtALMT1’s structure ((Wang et al., 2021a)), the putative
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GABA binding site of TaALMT1 is predicted to be localised in the conjunction of TM6

and H1 at the intracellular side.

Figure 4.7: Structural alignment of wheat TaALMT1 to Arabidopsis AtALMT1. (a) Sequence
alignment of AtALMT1 and TaALMT1. The secondary structure (TM0-6, H1-6) of TaALMT1
are assigned based on the structure of AtALMT1 (Wang et al., 2021a). The black box indicated
the conserved GABA binding motif according to Ramesh et al. (2015). The purple dot represents
F213 and the blue dot represents the H224 residue of the TaALMT1 protein. The alignment was
performed using MUSCLE alignment in Geneious Prime software. (b) Schematic representation
of the domain arrangement in one AtALMT1 subunit, adopted from (Wang et al., 2021a). The
black box represents the conserved GABA binding motif.

Figure 4.8: Structural alignment of wheat TaALMT1 to Arabidopsis AtALMT1 (apo/pH7.5,
PDB ID: 7vq4) using SWISS-model. Regions of the polymer chain that are not aligned are
coloured in lighter shades of orange and blue. AtALMT1H193/TaALMT1H224 (green box) is
shaded with dark blue/orange, indicating a similar fold.
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Figure 4.9: Structural alignment of wheat TaALMT1 to Arabidopsis AtALMT1 (apo/pH5,
PDB ID: 7vq3) using SWISS-model. The pairwise structure alignment was performed using
Protein data bank analyze tool. Regions of the polymer chain that are not aligned are coloured
in lighter shades of orange and blue. AtALMT1H193/TaALMT1H224 (green box) is shaded with
dark blue/orange, indicating a similar fold. Blue dashed line: hydrogen bond; orange dashed
line: cation-π interaction; green dashed line: π-stacking.

Figure 4.10: Structural alignment of wheat TaALMT1 to Arabidopsis AtALMT1 (malate/pH7.5,
PDB ID: 7vq5) using SWISS-model. The pairwise structure alignment was performed using
Protein data bank analyze tool. Regions of the polymer chain that are not aligned are coloured
in lighter shades of orange and blue. AtALMT1H193/TaALMT1H224 (green box) is shaded with
dark blue/orange, indicating a similar fold. Blue dashed line: hydrogen bond

TaALMT1 was then structurally aligned to the recently solved AtALMT1 structure

of Wang et al. (2021a)) to examine predicted similarity at a protein fold level under

various ligand binding and pH conditions. In detail, single subunit of TaALMT1 was

aligned to AtALMT1 apo/pH7.5 (Fig 4.8), AtALMT1 apo/pH5.0 (Fig 4.9) and AtALMT1

malate/pH7.5 (Fig 4.10), respectively. All alignment models indicate the putative GABA

binding motif is very well aligned with the AtALMT1 structure (as shown in dark blue and

orange in Fig 4.8, 4.9 and 4.10). Based on the predicted homology model of TaALMT1,
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under alkaline pH conditions (pH 7.5) without ligand binding, the TaALMT1H224 was

not forming any chemical bonds with adjacent amino acids (Fig 4.8). Interestingly, under

acidic conditions, a cation-pi (cation-π) interaction was formed between TaALMT1 H224

and Y299, corresponding to AtALMT1 H193 and Y271 within AtALMT1 (Fig 4.9). When

a malate binding model at pH 7.5 was used, instead of having the cation-π interaction, a

few hydrogen bonds were formed between TaALMT1H224 with neighbouring amino acids

(Fig 4.10).

The H224A mutation may change the conformation of these hydrogen bonds as alanine is

uncharged, thereby inhibiting the proper function of the protein. The AtALMT1 H193

can also form cation-π interactions with tyrosine (Y266 and Y271) to stabilise the protein

structure at pH 5.0 (Fig 4.9), which could possibly be happening in TaALMT1 with H224.

At pH 5.0, the imidazole side chain of histidine is protonated and hydrophilic, so the

H224R mutation did not alter the cation-π interaction of the TaALMT1 protein as much

as the non-charged and hydrophobic H224A mutation. Therefore, H224A could also affect

the stability of the protein and result in decreased sensitivity to pH, in contrast to H224R.

4.2 Discussion

ALMT1-mediated malate efflux was reported previously (Pietrzykowska et al., 2014). In

the current study, the biophysical properties of oocytes expressing TaALMT1 demonstrate

that TaALMT1-mediated current was activated due to addition of malate into the solution

or due to an increase in pH. The substitution of one amino acid resulted in reduced or

enhanced activation, depending on the specific mutation and pH of the solution. Both

histidine and arginine are positively charged amino acids, while hydrophobic alanine and

hydrophilic cysteine are uncharged. This could potentially result in a conformational

change of the ALMT protein and contribute to their inconsistent functional responses to

pH changes as well as the absence/presence of malate in the solution.

The substitute of cysteine and histidine did not directly alter the ALMT channel activ-

ity significantly under either alkaline or acidic conditions that did not contain malate,

however, in response to the addition of malate or to pH change, the mutation resulted in

different ALMT channel regulated currents. Under both acidic and alkaline conditions,

the TaALMT1 protein activation was significantly inhibited by the substitution of pheny-

lalanine 213 to cysteine (F213C) as well as Histidine 224 to Alanine (H224A) but not

to Arginine (H224R). The H224R mutation of TaALMT1 can enhance malate-activated

currents at alkaline pH, but to a lesser extent under acidic conditions as decreasing pH

inhibited malate efflux in general. Similarly, whether the solution contained malate or not,

the alkaline pH-induced currents were abolished by the F213C and H224A but not by the
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H224R substitution.

GABA was proposed to inhibit anion transport by TaAMLT1 in membrane patches from

the cytosolic rather than extracellular membrane face via reducing the channel open

probability (NP50) instead of inhibiting channel current magnitude (Long et al., 2019). As

there is only one pore (Wang et al., 2021a) it is likely that this occurs by GABA permeation

through the same pore competitively with malate that resulted in inhibiting the malate

conductance. As the wheat ALMT1 shares 63% similarity with Arabidopsis ALMT1, they

likely share a similar mechanism in GABA-regulated ALMT function. Further investigation

is needed to confirm the mutant responses in the presence of Al3+ under different pH

and/or malate conditions. As the rapid accumulation of GABA in response to abiotic and

biotic stress is common (Loreti et al., 2016), and GABA biosynthesis consumes protons

which results in an increased cytosolic pH. The GABA shunt also changes organic acids

concentrations in plants, so the negative regulation of ALMT channels by GABA could

be due to altering ALMT pH sensitivity by affecting its structure. Further investigation

of how the mutants respond to the addition of GABA is needed to confirm if the H224

mutants behave like F213C which has decreased GABA sensitivity. This will shed light on

the pH sensitive histidine residue and its potential role in GABA regulated ALMT function.

The current study only tested the anion transport activity of TaALMT F213 or TaALMT1

H224A/R mutants. It is possible that mutating H224 into other titratable amino acids

such as Aspartate (H224D) or Leucine (H224L) could also change its pH sensitivity. So far,

we’ve only tested the malate transport activity of TaALMT1 mutants upon the external

malate activation. It also has been suggested that the CTD of AtALMT1 is involved in

homodimer assembly; therefore mutation in the CTD may affect the correct dimerization

(Wang et al., 2021a). More work needs to carry out to test whether the abolished anion

conductance observed in TaALMT1H224A injected oocytes is correlated to the incorrect

dimer assembly. Despite the tested TaALMT1H224 site, there are extra six histidine

residues located on the CTD of TaALMT1. The pKa value of each histidine can be

further determined to select the potential pH sensing site that accessible for the proton

moieties. In addition, the pKa of histidine could be influenced by the adjacent interacting

amino acid, therefore losing the pH sensitivity. For instance, AtKAT1F266 shifts the

pKA of AtKAT1H266 by forming a cation-π interaction, consequently, mutation of H267

did not affect the pH dependency of KAT1 (González et al., 2012). In the predicted

model of TaALMT1 (aop/pH5) (Fig 4.9), a cation-π interaction was formed between

TaALMT1H224 and TaALMT1Y299; more work needs to be done to explore whether it’s

the similar scenario as for KAT1.

ALMT is also reported to selectively transport other anions such as NO−
3 , SO

2−
4 , Cl−

although to a lesser degree, apart from facilitating organic acids (as malate in this case)
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efflux to chelate the Al3+ (Piñeros et al., 2008). Therefore, it could create a charge gradient

for the plasma membrane which can have further effects on the physiological response

of plants. Malate or other anions/cations-efflux/influx of various plant mutants that

have altered GABA-shunt genes expression could also be examined, combined with the

expression of other ALMT genes, would also provide more information of GABA and ion

transport. These could also be examined in the future to better understand how GABA

signalling through ALMT.

4.3 Materials and methods

4.3.1 TaALMT1 site-directed mutagenesis

TaALMT1 and TaALMT1F213C in pGEMHE-DEST were provided by Long et al. (2019),

and TaALMT1 was used as a template for generating TaALMT1H224R and TaALMT1H224R

mutants.

Site-directed Mutagenesis PCR. Primers were designed based on the Quik Change

Site Directed Mutagenesis Kit PCR protocol (Stratagene, USA). Histidine 224 of the wheat

ALMT1 was mutated to alanine and arginine using the mutagenic primer 5’-GTC TGG

GCC GGA GAG GAC GTC GCC AAG CTC GCC TCC-3’ and 5’-GTC TGG GCC GGA

GAG GAC GTC CGC AAG CTC GCC TCC-3’, respectively. The PCR was 36 cycles and

altered bases are underlined. A Mini Prep kit (PureLink Pro Quick96, Sigma) was used to

extract plasmid DNA (according to high copy protocol) from the E.coli transformation, of

which 4-5 ug was linearized with the restriction enzyme NheI (New England Biolabs). The

105 µL reaction system included: 10 µL CutSmart Bufffer, 13-15 µL DNA template, 2 µL

NheI and Nuclease-free water (calculated). The mixture was incubated at 37 ◦C for 2.5

hours, and isolated plasmid DNA was sequenced (Sangers sequensing, AGRF) to confirm

the presence and correct orientation of the mutation.

cRNA preparation and purification. The mMESSAGE mMACHINE™ T7 Transcrip-

tion Kit (Invitrogen, Sigma) was used to synthesize the capped complementary RNA

(cRNA) for oocyte expression. The 20 µL reaction system was used for capped transcription

reaction assembly, which included around 1000 µg linearised plasmid DNA (2 to 4 µL)

and Nuclease-free water (calculated), 2 µL 10× Reaction Buffer, 10 µL 2× NTP/CAP,

and 2 µL Enzyme Mix. The reaction tube was gently flicked and briefly centrifuged and

then incubated at 37 ◦C for 2 hours. 1 µL TURBO DNase was added to the reaction,

mixed well and incubated for a further 15 min at 37 ◦C to remove any template DNA

presented. Recovery and purification of the RNA was as following. 115 µL Nuclease-free

water and 15 µL ammonium acetate stop solution was added and mixed through, then

150 µL phenol/chloroformIAA was added and centrifuged at mixmam speed for 5 min.
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The upper aqueous phrase was recovered, equal volume of isopropanol was added, and the

mixture was chilled at -20 ◦C for 20 min, followed by 15 min centrifuge at 4 ◦C. The upper

phrase was removed, and 70% ethanol (molecular grade) was added and centrifuged for 15

min. Remove the upper phrase and root dry the RNA, then aliquet 15 µL Nuclease-free

water to desolve the purified RNA. After recovery of the RNA, the reaction product was

quantified through denaturing gel electrophoresis and RNA concentration was measured.

4.3.2 Electrophysiological expreiment

Gene expression in X. laevis oocytes. The incubation solution used was Ringer’s

solution which contains 96 mM NaCl, 2 mM KCl, 5 mM MgCl2, 5 mM HEPES, 0.6

mM CaCl2, 5% w/v horse serum, 500 µg/mL tetracycline and 1× penicillin-streptomycin

(Sigma P4333). Stage IV and V X. laevis oocytes were maintained in the incubation

solution overnight, then selected and injected with 46 nl UltraPure distilled water (DNAse,

RNase-free, Invitrogen) or 32 ng cRNA using a micro-injector (Nanoject II, automatic

nanolitre injector, Drummond Scientific) and incubated in Ringer’s solution for 1-2 d at

18 ◦C.

Electrophysiology. Whole cell currents of oocytes were recorded under constant perfusion

of the recording solutions at room temperature (22 ◦C) using conventional two-electrode

voltage-clamp (TEVC) techniques. An Oocyte Clamp OC-725C amplifier (Warner Instru-

ments) were used to record the currents, which were digitised using an Axon Digidata

1400A (Molecular Devices) and the software Clampex 10.2 (Molecular Devices). Recording

electrodes were filled with 3 M KCl and had resistances between 0.5 and 1.2 megaaohms.

The TEVC method measured the net currents in the oocytes expressing TaALMT1 wild-

type and mutation genes both in the presence and absence of malate in either acidic (pH

4.5, pH 5.5) or alkaline (pH 7.5) recording solutions (Table 4.1).

For oocytes preloaded with malate, 46 nl of 100 mM pH 7.5 Na-malate was injected to

the oocytes 1-4 h prior to electrophysiological recordings, which theoretically results in an

increase of 9.0 mM in the intracellular Na-malate concentration assuming a cell diameter

of 1.0 mm. The ionic composition of the recording solutions was chosen to attenuate

the major voltage-dependent, hyperpolarized-induced, and volume-sensitive endogenous

oocyte malate currents. The holding potential was set to 0 mV, and voltage test pulses

(400 ms in duration) were stepped between +60 mV and -140 mV (in 20-mV increments)

with a 10s resting phase at 0 mV between each voltage pulse. Representative current

traces under the above range of voltages were recorded and the Current-Voltage (I-V )

relationships measured under different recording solutions were constructed by measuring

the current amplitude at the steady states of the test pulses.
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Table 4.1: Basic recording solutions

Chemical Final Conc Quantity

Milli-Q water - 900 - 950 ml
60 mM Ca-stock 0.7 or 0.5 mM For pH7.5, 11.67 ml; For pH4.5 or pH5.5, 8.33 ml
1 M Malic acid stock 10 or 0 mM 10 ml or 0 ml
0.5 M MES stock 5 mM 10 ml, and adjust pH with 0.5 M BTP
Mannitol 220 mosmol/kg 36 - 38 g
Milli-Q water - Top up to 1000 ml

4.3.3 TaALMT1 protein structural modelling

The full-length sequence of TaALMT1 was used to build the homology model based

on the resolved AtALMT1 structure under different ligand binding and pH conditions

using SWISS-MODEL online tool and the Protein Data Base (PDB). Three TaALMT1

models were established based on: AtALMT1 (apo/pH5, PDB ID: 7vq3), AtALMT1

(apo/pH7.5, PDB ID: 7vq34) and AtALMT1 (malate/pH7.5, PDB ID: 7vq5) respectively.

The generated model of TaALMT1 was then structurally alignment to each corresponding

AtALMT1 model for comparison. The Pairwise structure alignment was performed using

protein data bank online analyze tool. Figure images were created with Pairwise structure

alignment tool.
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CHAPTER 5

General discussion and future

work

Gamma-aminobutyric acid (GABA), a four carbon nonproteinogenic amino acid, rapidly

accumulates in plant tissues under biotic and abiotic stress. GABA has long been studied

for its role in regulating carbon and nitrogen metabolism, which impacts the ability of

plants to respond to stress (Al-Quraan and Al-Omari, 2017). The GABA-shunt is the main

metabolic pathway for GABA synthesis, where cytosolic GAD catalyses the conversion of

glutamate into GABA, GABA-permease transports GABA into the mitochonidria where

it is catabolised by GABA-T into SSA and finally into succinate (by SSA dehydrogenase),

where it enters the TCA cycle (Fig 1.1). Putrescine can be used for the GABA synthesis

in the peroxisome instead of glutamate in the polyamine pathway (Fig 1.1). Recently

it was suggested that GABA may exert its effects through a not yet completely defined

signalling pathway which involves the negative regulation of anion channels from the

plant aluminum-activated malate transporter (ALMT) protein family (Ramesh et al.,

2015). In the current study, the role of GABA under two of the most common abiotic

stresses, salinity and flooding (submerged plants mainly experience hypoxia and post-

hypoxia stress), were explored. In Arabidopsis mutants with altered endogenous GABA

concentration and a disturbed GABA-shunt pathway (Table 1.2, Fig 3.36), it appears that

GABA differentially impacts responses in terms of these two abiotic stresses. Decreasing

or blocking GABA production from glutamate by knocking down single or multiple GADs

(gad1KO, gad2-1, gad1245 ), or totally inhibiting GABA catabolism by GABA-T knockout

(pop2-8 ), resulted in distinctive transcriptomic and metabolic profiles under both control

and stressed conditions.
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5.1 Transcriptional “pre-adapted” plants

Upon submergence, 25% of genes detected by transcriptomics in WT were significantly

affected. The GABA mutants were more affected with up to 1.8-folder higher transcrip-

tional change compared to WT (Fig C.6), indicating more profound alterations when the

GABA shunt pathway was disturbed. Interestingly, some of the GABA mutants seemed

to be able to “pre-adapt” themselves even prior to stress, as they have at least over 900

genes differentially regulated compared to WT (Fig C.4). Many of the DEGs are involved

in stress response, including salt response. Some of the proteins and enzymes encoded

by these genes were: BTB and TAZ domain protein 2 (BT2), similar to RCD5 (SR5),

and ∆-1-pyrroline-5-carboxylate (P5C) synthetase, P5CS. BT2 regulates responses to

various hormones, stress and metabolic conditions in Arabidopsis, and loss of BT2 causes

hypersensitivity and decreased germination rate in response to sugar, ABA and H2O2

(Misra et al., 2018). P5C, an intermediate in proline biosynthesis and catabolism, can be

reduced to glutamate (the precursor of GABA, Fig 1.1) by P5C dehydrogenase P5CDH, or

be oxidased into proline (Delauney and Verma, 1993). Glutamate can be converted to P5C

by P5CS. Both P5C and proline play a key role in stress response and ROS accumulation.

SRO5 and P5CDH are natural cis-antisense gene pairs, which is named nat-siRNAs as

they are derived from natural transcripts (Borsani et al., 2005). Salinity induced SRO5

expression is important to salt tolerance, and the SRO5-P5CDH nat-siRNAs together with

their proteins formed key components of a regulatory loop that controls ROS production

and stress response (Borsani et al., 2005). SRO5 was down-regulated in all mutants

under control conditions except for pop2-8, and BT2 was up-regulated in pop2-8 (Fig 3.6).

P5CS1 was also down-regulated in the two GABA accumulating lines gad2OE and pop2-8

but not altered in other lines. Collectively, these genes could be correlated with the faster

root growth of the two GABA accumulating lines under control conditions.

The other “pre-adapted” gene expression enriched processes in non-stressed GABA mu-

tants include: impaired circadian rhythms in all mutants except for the two GAD1 lines,

promoted cellular response to decreased oxygen in gad2-1, and plant hormone and sig-

nal transduction in all mutants except for gad2-1 (Fig 3.11, Table C.3). In addition,

down-regulation of defense response to fungus was found in gad1KO, gad2OE and pop2-8 ;

down-regulation of defense response to bacterium was found in gad2OE and pop2-8 ; and

amino acid and carbohydrate metabolic processes were also differently affected between

the GABA mutants (Fig 3.11, Table C.3). As plants under hypoxia experienced a much

severe energy crisis and co-occurring biotic stresses (infection and pathogen attack), the

down-regulated defense and bacteria response in these three lines suggesting they would

be more vulnerable to the upcoming submergence than gad1*, gad2-1 and gad1245.
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It is unclear why in gad2-1 genes involved in low oxygen sensing had been up-regulated

even non-stressed conditions (Fig 3.8a, 3.9), but this may contribute to the overall better

performance of gad2-1 under hypoxia (Fig 3.3), and can be correlated with the less induced

ROS and defense genes by submergence. gad2-1 was not significantly impacted in plant

hormone and plant signal transduction as the other mutants (Fig 3.11), which means they

were less disturbed in these processes and can cope with stress better. As it has been

recently shown that there is a second mutation in gad2-1 (Fig C.14), all the transcriptional

and metabolic responses of this line may be a combined result of losing both genes. This

could be further examined by investigating mutants in these pathways in gad2, or induction

of these pathways in a non-gad2 background and examining these impacts on hypoxia

tolerance.

GAD4 and GABA-T both impact the regulation of the circadian rhythm. The

KEGG pathway analysis showed in control plants, gad1245 and pop2-8 were affected

much more than the other mutants in circadian rhythm regulation (Fig 3.11). As the

expression of many genes involved in this pathway were not altered in gad2-1, gad2OE

nor the two GAD1 lines (Fig 3.12), and the expression of GAD5 is minimal (Fig 3.20),

it seemes that additional knockout of GAD4 has a large impact. Whether this is due

to an additive effect of knocking out the GADs or a specific response in gad4 plants

will need to be tested. Further, whether it was a direct or indirect impact of the high

GABA, or knockout of GABA-T would also need to be examined by studies supplying

GABA and examination of the gaba-t mutant alleles. As an autoregulatory endogenous

mechanism which controls numerous physiological and molecular processes, circadian

rhythms regulate many other genes and processes, such as stomatal movement, starch

degradation, photosynthesis and gene expression (Yakir et al., 2006). In Arabidopsis,

CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL

(LHY) are MYB-related proteins that function close to the central oscillator and they

function synergistically in regulating circadian rhythms, by binding to the same region of

the promoter of a Light-harvesting chlorophyll a/b protein (LHCA/B) (Lu et al., 2009).

The cca1 mutant shows a short period rhythm while the cca1 lhy double mutants shows

an even shorter period (Lu et al., 2009). Both CCA1 and LHY, and HY5 (important for

photomorphogenesis) were down-regulated in gad1245 and pop2-8. Accordingly, genes

encoding leaf starch degradation were greatly up-regulated in these two lines, such as

STARCH EXCESS 1 (SEX1/GWD1 ), ALPHA-AMYLASE-LIKE 3 (AMY3 ) and GWD3.

This could be correlated with the greater biomass than WT and faster root growth in these

two lines (Fig 2.4a, 3.2) under control conditions. However, this could mean they could

experience greater photosynthesis inhibition in response to stress and greater inhibition of

Fv/Fm under submergence, due to the light harvesting capacity could be lower already

without an obvious phenotype under control conditions. This was the case of pop2-8 (Fig

3.3) but not for gad1245, as it had a higher Fv/Fm than WT under submergence, but still
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both gad1245 and pop2-8 did not show the recovery of Fv/Fm while all the other lines

including WT did, indicating they were sensitive to post-hypoxia stress (including higher

light and oxidative stress). As gad1245 and pop2-8 has extremely low and high GABA

concentration (Fig 3.36) respectively, this suggests that GABA may signalling through

circadian genes. This needs further exploration, which initially could be by studying the

circadian period in these mutants (Sharma and Bhatt, 2014).

H+-ATPase and CIPKs. Increased proton pumping activities are always associated

with cell expansion and improved salinity tolerance. The reason that some mutants were

more resistant to salinity could be due to their higher proton transport capacity than

WT even under non-stressed conditions. The mRNA expression profiles of genes encoding

H+-ATPase and CIPK proteins in leaves of 4.5 weeks old plants were explored to assess

their predisposition to tolerate stress without the interfering stress-adaptive responses.

The proton transporters include P-type ATPase which are characterised by forming a

phosphorylated intermediate and contain five subfamilies (Axelsen and Palmgren, 2001),

and V-type ATPases. ACA8 and ACA1 are P-type ATPases localised to plasma membrane

and chloroplast envelope (plastids), respectively. Mediated by calcineurin B-like protein

(CBL) and CBL-interacting protein kinase (CIPK) complexes, ACA8 has crucial functions

in the termination of Ca2+ signals by removing excess Ca2+ from the cytosol to the

extracellular apoplast (Costa et al., 2017). In Arabidopsis, BONZAI1 (BON1) physically

interacts with ACA10 and ACA8 to regulate cytosol calcium signals, which are critical for

stomatal closure as well as plant immunity (Yang et al., 2017). ACA10/8 are negative

regulators of plant immunity responses. Several P-type 2B subfamilies of autoinhibited

calmodulin-regulated Ca2+-transporting ATPases were up-regulated in pop2-8 and gad1245,

this could be correlated to their faster root growth and greater biomass than WT under

control conditions (Fig C.23).

5.2 The GABA shunt pathway functions differently

in response to salinity and hypoxia

Although both gad1245 and pop2-8 had faster root growth than WT under control condi-

tions, gad1245 had greater percent reduction (70.4% ) following salinity treatment and

thus can be classified as less tolerant to salt stress compared to pop2-8, suggesting the

importance of producing GABA through the GADs for salt-stressed plants (Fig 2.4a, 2.3).

In contrast, pop2-8 was more tolerant to mild salinity (<100 mM) because root growth was

maintained under salt stress (Fig 2.4a). It is possible that higher GABA concentrations in

pop2-8 could improve salinity tolerance by conferring better tolerance to reactive oxygen

species (Li et al., 2016a), membrane potential maintenance and optimal Na+/K+ ratio

(mainly through regulating ion transporters). Su et al. (2019) also reported that the gad1,2
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double mutant to be more sensitive than pop2-5 to salt stress, which is in accordance to

the ovservations in the current research.

Unlike under salt stress, the potential quantum efficiency of PS II (Fv/Fm) results showed

that pop2-8 and gad2OE was greatly inhibited in response to submergence. During the

subsequent 2 d recovery period pop2-8 had a further decreased Fv/Fm, while gad2OE could

restore to a certain extent. For the GAD lines, gad1* which has GAD1 expression in both

roots and shoots, had the lowest decrease and showed a full recovery of Fv/Fm; gad1KO

was more impaired by submergence than the other GABA deficient lines, and Fv/Fm

could be restored to some extent in gad2-1 (Fig 3.3). However, unlike its parent lines,

gad1245 did not show an increase in Fv/Fm during the recovery period, although it was

not inhibited as much by submergence as gad1KO (Fig 3.3). In line with the physiological

results, functional analysis of differentially expressed genes by submergence also showed

that the three lines gad1KO, gad2OE and pop2-8 down-regulated genes were significantly

enriched in photosynthetic processes (Fig 3.24). gad2OE and pop2-8 had more severe

impairment of genes related to photosynthesis light reaction compare to other mutants,

e.g. light signal consumption, phyA and phyB light harvesting (Fig 3.25, 3.26, Table C.5),

while gad1KO had the most impaired photosynthesis dark reaction (Table C.7). These

three lines (gad1KO, gad2OE and pop2-8 ) had the most upregulation in genes related to

protein ubiquitination and ubiquitin-protein transferase activity, cellular response to lipid,

alcohol, starvation, nutrient levels and abscisic acid stimulus as well (Table C.5). Except

for WT and gad1*, in all the other five lines, up-regulated genes were significantly enriched

in processes like programmed cell death induced by symbiont (Table C.5). These results

indicate the importance of both GABA synthesis and catabolism through the GABA shunt

pathway when plants were subjected to hypoxia and post-hypoxia stress.

Taken together, it seems that the inability to utilise GABA (pop2-8 ) does more harm to

plants during flooding and recovery than not being able to produce GABA (gad1245 in the

extreme case) through the GABA shunt pathway, while under salt stress it is the other way

around. Several reasons could be underlying these observations: (i) GABA concentration

has an optimal functional range; (ii) as the energy crisis for plants under submergence is

more severe than under salt stress, GABA signalling may play a key role in salinity tol-

erance, but it is a different scenario in flooding tolerance, which is a combination of stresses.

Hypoxia-induced GABA accumulation in plants is much higher than under other stresses.

In 3 to 4 week old Arabidopsis leaves, a 2-fold increase of GABA was induced after 4 d

salt stress (Zarei et al., 2016), while hypoxia could induce up to 12-fold (Allan et al., 2012)

and 6-fold GABA (Breitkreuz et al., 2003) within a couple of hours (Table 1.1). Thus, in

submerged and recovered pop2-8 leaves, the concentration of GABA could be too high

and beyond the optimal functioning range, which may be one of the reasons why pop2-8
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copes with salt stress better than submergence. In fact, even pop2-1 from the a different

ecotype, Lansberg erecta (Ler) rather than Columbia, was reported to be more sensitive

to salinity compared to WT and, to 1 mM GABA treatment compared to pop2-8 which

could also be due to the same reason (Renault et al., 2010, 2011). GABA accumulates

in pop2-1 causes cell elongation defects and represses the expression of genes encoding

secreted and cell-wall related proteins (Renault et al., 2011). In the current study, the root

growth of wild type and pop2 mutants from the two ecotypes were compared, and pop2-1

was also more sensitive to salt stress than pop2-8 (Fig 2.7). In response to submergence,

there were more cell wall biogenesis encoding genes down-regulated in pop2-8 than in

other GABA mutants (including gad1245 ) as shown in Table C.5, correlating with the less

hypxoia tolerance of pop2-8. A further study to compare the GABA concentration in WT

and pop2 leaves and roots from the two ecotypes under both salt stress and submergence

could test this hypothesis.

The submerged plants face greater energy crisis, which differs from salinity. pop2-1 and

pop2-3 (Ler ecotype) were also reported to have early leaf senescence under various stress

conditions, including dark, cold, wounding, dehydration and ABA treatment (Jalil et al.,

2017). The two pop2 lines had rapidly decreased photosynthesis and chlorophyll content

but increased membrane ion leakage and malondialdehyde concentration under stress

conditions (Jalil et al., 2017). The dark treatment alone in the current study suggested

that the gad2OE and pop2-8 developed more leaf senescence phenotype than the gad2-1,

while WT was the least affected (Fig C.2a), suggesting the essential role of GABA-T in

leaf senescence and C:N re-allocation. After submergence, the down-regulated genes were

significantly enriched in cellular response to starvation (GO:0009267) in four mutants (not

gad1* and gad2-1 ), and pop2-8 had the greatest number of DEGs involved, suggesting it

experienced a more severe energy crisis (Fig C.5).

The hypoxia induced alanine accumulation was reported to be important for tolerance

of plants, and it could be partially derived from the GABA shunt pathway (Miyashita

and Good, 2008). Under submergence, the rapid accumulated GABA could be converted

to SSA by GABA-T (thus pop2-8 plants could accumulate higher level of GABA), using

pyruvate as the amino receptor and produce alanine at the same time (the GABA shunt

pathway in Fig 1.1). The alanine concentration in gad1245 and pop2-8 were both lower

compared to GAD1 lines under control conditions, and to gad2OE after recovery (Fig

3.36). One reason could be that in these two lines the flow of the GABA shunt pathway is

reduced, due to GADs knockout and GABA-T knockout, respectively. So, it is possible

that in the pop2-8 plants upon submergence, the lack of GABA catabolism is vital, and

other transcriptional and metabolic adjustments were not enough to compensate this loss.

Further exploration on how the carbon and nitrogen flow by tracking metabolite labeling

from stable isotope tracers can add addition information and reveal more specific pathway
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activities (Allen and Young, 2020).

Under hypoxia, the accumulation of GHB was reported in Arabidopsis and other species

(Breitkreuz et al., 2003; Allan et al., 2008), suggesting the SSA derived from the GABA

shunt pathway was converted to GHB instead of succinate (Fig 1.1). In the meantime,

the Arabidopsis ssadh mutants (T-DNA insertion) accumulated higher GHB, ROS and

were dwarf, but the ssadh pop2 mutant did not alleviated these changes, indicating less

toxic SSA accumulation in the double mutant (Bouché et al., 2003; Ludewig et al., 2008).

However, SSADH -silenced tomato (by virus-induced gene silencing) was reported to be

less sensitive to salinity than WT, although they cannot degrade GABA and had a dwarf

phenotype and elevated ROS levels under normal conditions (Bao et al., 2015), indicating

salt-induced toxic SSA could be lower under salinity than under hypoxia. The differed

tolerance of GAD and GABA-T mutant lines in the current study could be due to dif-

ferences in the accumulation of GHB and other aldehydes, which not only come from

from the GABA shunt pathway. This need to be further explored by measuring the GHB

concentration of ssadh gad and ssadh pop2 double mutants under both stress conditions.

It is also possible that GABA signalling plays a key role in salinity tolerance and regulation

of ion transport. Whereas GABAs role in hypoxia tolerance is not limited to signalling,

which may include the need for catabolism. In the current study, under salinity, the pop2-8

had relative less Na+ accumulation (Fig 2.10), in agreement to what Su et al. (2019) had

reported. In contrast, gad1245 did not accumulate significantly higher concentrations of

Na+ compared to WT under salinity, which is the opposite to what was reported in the

gad1,2 double mutant (Su et al., 2019). The reason could be that they used 4 week-old

soil-grown plants which were treated for two weeks, while in my experiments plants were

hydroponically grown for 5.5 weeks and treated for 6 d. During different vegetative growth

stage, the tolerance of plants could vary. In the earlier stages, the growth of gad1,2 in

their study (on salt media) and gad1245 and gad1KO in my study (either on control or

salt media) were significantly inhibited (Fig B.2, B.3). This could be mainly due to the

GAD1 gene having higher expression in the roots, as the gad2-1 mutant maintained higher

root growth than gad1KO and gad1245 (Fig B.2, B.3).

Another key difference between gad1245 and pop2-8 is that the former could still use the

GABA produced from the other pathway such as polyamine degradation (as shown in Fig

3.28 the expression ADC2 was induced by submergence in gad1245 but not other mutants),

while pop2-8 totally blocked the catabolism of GABA. Xing et al. (2007) proposed PA

degradation could contribute to about 39% of salt-induced GABA in soybean roots. Studies

also show that hypoxia- and anoxia-induced accumulation of GABA in fava bean and tea

leaves are reduced by 32% and 25%, respectively by aminoguanidine, a diamine oxidase

inhibitor that represses the production of putrescine which is the precursor for GABA
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biosynthesis through the polyamine pathway (Yang et al., 2013; Liao et al., 2017). This

may be why gad1245 could maintain the same root growth rate as WT under salinity (Fig

2.4a) and it could also cope with hypoxia, while pop2-8 could not compensate the loss of

GABA catabolism. Overall pop2-8 showed the least tolerance in both the submergence

and the recovery phases. Further exploration of the polyamine concentration is needed to

verify if that is also the case in Arabidopsis under these two types of stresses. The next

step should include looking into specific mutants of key genes revealed in the current study

in more details, constructing co-expression networks of the DEGs to illustrate how specific

mutation(s) resulted in these different observations.

5.3 The role of GABA binding motif in regulating

anion transport

GABA was reported to be negatively regulating the aluminum-activated malate transporter

1 (TaALMT1) via a direct interaction with the putative binding motif (12 amino acids) in

the protein (Ramesh et al., 2015). The inhibition was proposed to be from the cytosol

through a reduction of channel open probability instead of changing the channel current

magnitude (Long et al., 2019). Chapter 4 of this thesis mainly explored the anion transport

and pH sensitivity by substituting the last residue in the putative plant GABA binding mo-

tif. This showed that substituting the histidine to alanine abolished the channel activation

by external malate and pH sensitivity of the protein, while the H224R maintained/enhanced

the channel activation and pH sensitivity (Fig 4.5). Further investigation is needed to

confirm the mutant responses in the presence of Al3+ and the addition of GABA, under

different pH and/or malate conditions, in order to confirm if the H224 mutants behave like

F213C which has decreased GABA sensitivity. This will improve the understanding on

the pH sensitive histidine residue and its potential role in GABA regulated ALMT function.

The TaALMT1 was structurally aligned to the recently solved AtALMT1 structure (Wang

et al., 2021a)) and predicted homology model of TaALMT1 was constructed. It showed

that without ligand binding, under acidic conditions, a cation-pi (cation-π) interaction was

formed between TaALMT1 H224 and Y299 (Fig 4.9) while there is no bond at pH 7.5 (Fig

4.8); but when with malate binding at pH 7.5, a few hydrogen bonds were formed between

TaALMT1H224 with neighbouring amino acids instead of the cation-π interaction (Fig

4.10). As GABA production consums protons in the cytosol, GABA could regulate the

ALMT channel through altering the conformation of the channel due to pH changes. More

work needs to be conducted to test whether the abolished anion conductance observed in

TaALMT1H224A injected oocytes is correlated to the incorrect dimer assembly.

The regulation of cytoplasmic pH is an important factor in survival under hypoxia, as it
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serves as a signal between lactic and ethanolic fermentation (Roberts et al., 1984). As

the production of GABA in the cytosol consumes protons and the catabolism of GABA

in the mitochondria produces protons, it is likely that GABA signalling through directly

regulating pH to further influence other signal and metabolic pathways or protein functions.

The Arabidopsis AtALMT1 is mainly expressed in the roots, so it was not detected in

the RNAseq results (leave tissue). However, several other ALMT genes were found to

be among the DEGs in GABA mutants (Fig 3.21, C.15) as well as genes that regulate

AtALMT1. The transcription factor SENSITIVE TO PROTON RHIZOTOXICITY 1

(STOP1) was identified to be directly involved in plant response to acidic stress, and it

also regulates the expression of AtALMT1 (Iuchi et al., 2007). STOP1 regulates acidic

stress and aluminum stress differently, as the sensitive phenotype of the stop1 mutant to

aluminum stress can be rescued by overexpression of ALMT1, but its sensitivity to acidic

stress cannot (Kobayashi et al., 2014). Submergence induced the expression of STOP1 in

all mutants but in WT the induction was much smaller. ALMT12 which is involved in

stomatal closure, was repressed in gad1245 under control conditions, but greatly increased

in response to submergence. In contrast, ALMT13 expression was largely induced in

non-stressed gad1245 compared to WT and was decreased down by submergence (Fig 3.21,

C.15). While ALMT12 expression was not affected by submergence in WT, and ALMT13

decreased to a much lesser degree compared to gad1245. All these results revealed a link

between GABA concentration and ALMT expression, which may be indirect evidence

for GABA signalling. In the future, measuring the impact of almt knockout on plant

responses to salt and hypoxia may better reveal a link between the GABA shunt and the

ALMT protein function.

5.4 Conclusion

Overall, this thesis explored the role of GABA when plants are exposed to salinity and

hypoxia, revealed that GABA differentially affected plants in response to these two types

of stress. Furthermore I explored the pH sensitivity of a protein that is regulated by

GABA. I found that a disturbed GABA shunt pathway under control conditions impacted

many processes, including stress response, circadian rhythm regulation, plant hormone and

MAPK signalling. The two lines with the most disturbed GABA shunt capacity, gad1245

and pop2-8 were impacted the most, but they showed opposite tolerance under salt stress

and submergence (pop2-8 being more tolerant to salinity but less tolerant to hypoxia

and vice versa). I propose that this could relate to their differential capacity to detoxify

reactive oxygen species, the ability to use GABA as an energy source, photosynthetic

capacity, amino acid metabolism and pathogen resistance (Fig 5.1).
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Figure 5.1: Schematic model of the GABA shunt involved processes under stress conditions.
Two enzymes in the TCA cycle, 2-OG dehydrogenase and succinate dehydrogenase, as well as the
entry of pyruvate into the TCA cycle via pyruvate dehydrogenase, were inhibited under stress
conditions. Under both control and stressed conditions, the modified GABA shunt pathway in
different lines, especially in gad1245 and pop2-8, has distinct responses in terms of amino acid
metabolism, energy metabolism, pathogen resistance, signal transduction and pathogen resistance.
These were indicated in red. 2-OGDH, 2-oxoglutarate dehydrogenase; IsoCit, isocitrate; PAs,
polyamines; PDH, pyruvate dehydrogenase; SDH, Succinate dehydrogenase; see Fig 1.1 for the
remaining abbreviations.
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APPENDIX A

Supplementary data for Chapter 1

(a) Shoot GAD1 expression

(b) Root GAD1 expression

Figure A.1: Shoot and root GAD1 expression in WT and the two GAD1 lines for 2 weeks old
plants. The leaf PCR and root qPCR (35 × cycles) results confirmed gad1-SALK to be a GAD1
knockout while gad1-CS had GAD1 expression in leaves and roots. So in this thesis they were
named gad1KO and gad1*, respectively.
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Table A.1: A list of 52 core hypoxia-responsive genes (Mustroph et al., 2009)

Gene ID Gene Name Gene Description

AT1G17290 ALAAT1 Alanine aminotransferase 1, mitochondrial
AT1G72330 ALAAT2 alanine aminotransferase 2
AT1G19530 RGAT1 DNA polymerase epsilon catalytic subunit A; RGA TARGET 1
AT1G26270 PI4KG5 Phosphatidylinositol 4-kinase gamma 5
AT1G33055 HUP32 Uncharacterized protein unannotated coding sequence from BAC F9L11
AT1G35140 EXL1 Protein EXORDIUM-like 1
AT1G43800 S-ACP-DES6 Stearoyl-[acyl-carrier-protein] 9-desaturase 6, chloroplastic
AT1G55810 UKL3 uridine kinase-like 3
AT1G63090 PP2A11 F-box protein PP2-A11
AT1G72360 HRE1 Integrase-type DNA-binding superfamily protein
AT1G72940 TN11 F3N23 14; Nucleotide-binding, leucine-rich repeat (NLR) gene regulated by

nonsense-mediated mRNA decay (NMD) genes UPF1 and UPF3
AT1G74940 FLZ13 FCS-Like Zinc finger 13
AT1G76650 CML38 calcium-binding EF hand family protein
AT1G77120 ADH1 Alcohol dehydrogenase class-P
AT2G16060 AHB1 NSHB1; ARABIDOPSIS HEMOGLOBIN 1; oxygen binding/transporter
AT2G17850 - Rhodanese/Cell cycle control phosphatase superfamily protein
AT2G19590 ACO1 1-aminocyclopropane-1-carboxylate oxidase 1
AT2G29870 - Aquaporin-like superfamily protein
AT2G34390 NIP2-1 Aquaporin NIP2-1
AT2G47520 ERF071 Ethylene-responsive transcription factor ERF071
AT3G02550 LBD41 LOB domain-containing protein 41
AT3G10040 HRA1 Hypoxia response attenuator 1, a low oxygen-inducible transcription factor
AT3G17860 TIFY6B JAI3; JAZ3 (JASMONATE-ZIM-DOMAIN PROTEIN 3)
AT3G23150 ETR2 Ethylene receptor 2
AT3G23170 HUP39 Proline/serine-rich PRP, Hypoxia response unknow protein 39
AT3G27220 - Kelch repeat-containing protein At3g27220
AT3G43190 SUS4 Sucrose synthase 4
AT3G61060 AtPP2-A13 Phloem protein 2-A13
AT4G10270 - wound-responsive family protein
AT4G17670 FLZ2 FCS-Like Zinc finger 2, senescence-associated protein-related
AT4G22780 ACR7 ACT domain-containing protein ACR7
AT4G24110 HUP40 NADP-specific glutamate dehydrogenase
AT4G27450 HUP54 Hypoxia response unknow protein 54
AT4G32840 PFK6 ATP-dependent 6-phosphofructokinase
AT4G33070 PDC1 Pyruvate decarboxylase 1
AT4G33560 WIP5 Member of the wound-induced polypeptide (WIP) family
AT4G39675 - At4g39675
AT5G02200 FHL Protein FAR-RED-ELONGATED HYPOCOTYL 1-LIKE
AT5G10040 - At5g10040
AT5G15120 PCO1 Plant cysteine oxidase 1
AT5G26200 - Mitochondrial substrate carrier family protein, T19G15 50
AT5G39890 PCO2 Plant cysteine oxidase 2
AT5G42200 ATL23 E3 ubiquitin-protein ligase ATL23
AT5G44730 - Haloacid dehalogenase-like hydrolase family protein
AT5G45340 CYP707A3 Abscisic acid 8’-hydroxylase 3
AT5G47060 - Putative uncharacterized protein
AT5G47910 RBOHD Respiratory burst oxidase homolog protein D
AT5G54960 PDC2 Pyruvate decarboxylase 2
AT5G58070 TIL TEMPERATURE-INDUCED LIPOCALIN; binding / transporter
AT5G61440 ACHT5 Thioredoxin-like 1-2, chloroplastic
AT5G62520 SRO5 Probable inactive poly [ADP-ribose] polymerase SRO5
AT5G66985 - At5g66985
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APPENDIX B

Supplementary data for Chapter 2

(a) Transfer to new media (0 d)

(b) Transfer to new media (4 d)

(c) Plates in short day growth room

Figure B.1: Arabidopsis plants grown on 1/2 MS media in short day growth room and
representative photo of scanned plates for root assay. (a) The seedlings were just transferred to
new media. (b) Four days after transfer to new media of the same plate. (c) Plates in a rack.
For each plate, half WT and half GABA mutants.
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Figure B.4: After 7d salt stress leaves of gad1* (on the right) were greener than WT. Plants
were grown under short day conditions. The chlorophyll content will need to be quantified to
confirm.
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Figure B.5: Root dry weight of hydroponically grown WT and GABA mutants in BNS ± 75
mM NaCl. Plants were corresponding to those in Fig 2.9 at DAG46. Data show mean ± SE.
Number of biological replicates n ∈ [8 ∼ 13]. Stars show significant difference between genotypes
with in the same treatment or between treatments within a genotype using two-way ANOVA. *
P < 0.05.
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APPENDIX C

Supplementary data for Chapter 3
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Figure C.1: Relative water content before and after 9 d root submergence and the % decrease.
Data showes mean ± SE and stars represent statistical significance using one way ANOVA. n =
4, 5 or 7 for control plants and n = 11 for stressed plants. * P < 0.05, *** P < 0.001.
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(a) Leaf senescence after darkness
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(b) Rosette fresh weight

WT

ga
d2
-1

ga
d2
OE

po
p2
-8

0

50

100

150

D
ry

 W
ei

gh
t (

m
g)

Cont Day0

WT

ga
d2
-1

ga
d2
OE

po
p2
-8

Cont Day6

WT

ga
d2
-1

ga
d2
OE

po
p2
-8

Sub + Rec
Day6 (5+1)

WT

ga
d2
-1

ga
d2
OE

po
p2
-8

Dark + Rec
Day10 (5+5)

WT

ga
d2
-1

ga
d2
OE

po
p2
-8

Sub + Rec
Day10 (5+5)

WT gad2-1 gad2OE pop2-8
0

50

100

150

D
ry

 W
ei

gh
t (

m
g)

Cont Day0
Sub + Rec Day6

Sub + Rec Day10
Dark + Rec Day10

aa aba

bcd
dd

cd dd

abc ab
bcd

abab

cd

(c) Rosette dry weight
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(d) Rosette relative water content

Figure C.2: WT and GABA mutants under control conditions and following recovery from
darkness or light submergence. (a) Representative phenotypes after 5 d dark treatment. Changes
of (b) Rosette fresh weight, (c) Rosette dry weight and (d) relative water content (d) in WT
and GABA mutants under control conditions, recovery for 1 d or 5 d from submergence, and
recovery for 5 d from darkness. Plants were subjected to stresses for 5 d. Data showed mean
± SE of 6 biological replicates (except for pop2-8 Control Day6, n = 5). Stars and letters
represent statistical significance using one way and two-way ANOVA, respectively. * P < 0.05,
** P < 0.01.

154





Figure C.4: Volcano plot of gene expression in GABA mutants compared to WT under
control conditions. Vertical and horizontal dashed lines denote |log2FC| > 1 and adj.P < 0.05,
respectively. Genes that were significantly up-/down- regulated are highlighted in red and blue,
respectively, and the numbers of DEGs are also displayed in each sub-figure.
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Figure C.6: Volcano plot of gene expression in WT and GABA mutants after submergence.
Genes that are significant up-/down- regulated (|log2FC| > 1 and adj.P < 0.05) as well as their
number are highlighted in red/blue, respectively.
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Figure C.7: Volcano plot of MutSub gene expression in WT and GABA mutants after
submergence.. Genes that are significant up-/down- regulated (|log2FC| > 1 and adj.P < 0.05)
as well as their number are highlighted in red/blue, respectively.
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(a) XTH activity (b) Cellular component and cell wall

(c) RNA modification, xyloglucan metabolic and external encapsulating structure

Figure C.9: pop2-8 up-regulated genes enriched GO terms under control conditions, including
5 Group II terms that it shared with other mutants (Fig 3.8a).
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AT5G57560  XTH22  Xyloglucan endotransglucosylase/hydrolase 
AT1G35140  EXL1  Protein EXORD UM-like 1 
AT5G20250  D N10  Raffinose synthase family protein 
AT1G69890  Actin cross-linking protein (DUF569) 
AT2G15890  MEE14  CCG-binding protein 1 
AT1G66180  Eukaryotic aspartyl protease family protein 
AT2G41100  CML12  Calmodulin-like protein 12 
AT1G07135  At1g07135 
AT1G30040  GA2OX2  Gibberellin 2-beta-dioxygenase 2 
AT5G45340  CYP707A3  Abscisic acid 8'-hydroxylase 3 
AT5G49190  SUS2  Sucrose synthase 2 
AT3G28910  MYB30  Transcription factor MYB30 
AT2G41430  ERD15  LSR1 
AT4G30440  GAE1  GAE1 
AT1G02360  Chitinase family protein 
AT1G78070  At1g78070/F28K19_28 
AT2G01150  RHA2B  R NG-H2 finger protein 2B 
AT3G23170  At3g23170 
AT5G19240  Uncharacterized GP -anchored protein At5g19240 
AT3G43190  SUS4  Sucrose synthase 4 
AT5G57220  CYP81F2  Cytochrome P450 81F2 
AT3G60520  At3g60520 
AT2G36220  At2g36220/F2H17.17 
AT4G27657  At4g27657 
AT5G41080  GDPD2  Glycerophosphodiester phosphodiesterase GDPD2 
AT4G33070  PDC1  Pyruvate decarboxylase 1 
AT3G07350  F21O3.6 protein 
AT5G19120  AT5g19120/T24G5_20 
AT1G54050  HSP17.4B  17.4 kDa class  heat shock protein 
AT1G76600  Poly polymerase 
AT5G64260  EXL2  Protein EXORD UM-like 2 
AT4G29780  Nuclease 
AT1G72430  SAUR78  Auxin-responsive protein SAUR78 
AT4G24570  PUMP4  D C2 
AT1G09070  SRC2  Protein SRC2 homolog 
AT1G66090  Disease resistance protein (T R-NBS class) 
AT1G72920  Similar to part of disease resistance protein 
AT5G58120  Disease resistance protein (T R-NBS-LRR class) family 
AT2G22500  PUMP5  Mitochondrial uncoupling protein 5 
AT4G27280  KRP1  Calcium-binding protein KRP1 
AT5G03380  H PP06  Heavy metal-associated isoprenylated plant protein 6 
AT1G53910  RAP2-12  Ethylene-responsive transcription factor RAP2-12 
AT5G65207  Uncharacterized protein At5g65207 
AT2G40000  HSPRO2  Nematode resistance protein-like HSPRO2 
AT3G02550  LBD41  LOB domain-containing protein 41 
AT1G74940  FLZ13  FCS-Like Zinc finger 13 
AT1G07870  Protein kinase superfamily protein 
AT3G52800  SAP6  A20/AN1-like zinc finger family protein 
AT3G24500  MBF1C  MBF1C 
AT2G46400  WRKY46  Probable WRKY transcription factor 46 
AT1G13360  T6J4.11 protein 
AT5G20150  SPX1  SPX domain-containing protein 1 
AT1G67360  REF/SRPP-like protein At1g67360 
AT3G22550  FLZ8  FCS-Like Zinc finger 8 
AT4G27450  AT4g27450/F27G19_50 
AT4G27780  ACBP2  AtACBP2 
AT3G15210  ERF4  Ethylene-responsive transcription factor 4 
AT1G76560  CP12-3  CP12-3 
AT5G47060  Putative uncharacterized protein 
AT1G27730  ZAT10  Zinc finger protein ZAT10 
AT2G32210  Cysteine-rich/transmembrane domain A-like protein 
AT3G49780  PSK3  Phytosulfokines 3 
AT3G08720  ATPK2  Serine/threonine-protein kinase AtPK2/AtPK19 
AT5G63790  ANAC102  NAC domain containing protein 102 
AT1G76650  CML38  CML38 
AT3G30775  POX1  Proline dehydrogenase 1, mitochondrial 
AT4G32480  AT4g32480/F8B4_180 
AT5G05410  DREB2A  Dehydration-responsive element-binding protein 2A 
AT1G10140  At1g10140 
AT5G42050  DCD (Development and Cell Death) domain protein 
AT1G73010  PS2  norganic pyrophosphatase 1 
AT5G20830  SUS1  Sucrose synthase 1 
AT1G01720  NAC002  NAC domain-containing protein 2 
AT5G66650  Calcium uniporter protein 3, mitochondrial 
AT2G33590  CRL1 
AT2G36800  UGT73C5  Glycosyltransferase (Fragment) 
AT2G14247  Expressed protein 
AT3G46090  ZAT7  ZAT7 
AT1G26380  FOX1  Berberine bridge enzyme-like 3 
AT2G26150  HSFA2  Heat stress transcription factor A-2 
AT1G57630  Disease resistance protein RPP1-WsB, putative 
AT5G42380  CML37  Calcium-binding protein CML37 
AT1G19250  FMO1  Probable flavin-containing monooxygenase 1 
AT5G54470  BBX29 
AT1G14540  PER4  Peroxidase 
AT3G02040  GDPD1  Glycerophosphodiester phosphodiesterase GDPD1, chloroplastic 
AT1G30720  Berberine bridge enzyme-like 10 
AT5G13320  PBS3  Auxin-responsive GH3 family protein 
AT5G19230  Uncharacterized GP -anchored protein At5g19230 
AT5G25110  C PK25  CBL-interacting serine/threonine-protein kinase 25 
AT1G07400  HSP17.8  17.8 kDa class  heat shock protein 
AT1G77120  ADH1  Alcohol dehydrogenase class-P 
AT5G04340  ZAT6  Zinc finger protein ZAT6 
AT4G34131  UGT73B3  UDP-glycosyltransferase 73B3 
AT5G63130  At5g63130 
AT4G20860  FAD-OXR  Berberine bridge enzyme-like 22 
AT1G03220  Eukaryotic aspartyl protease family protein 
AT5G59820  ZAT12  Zinc finger protein ZAT12 
AT4G13395  DVL10  DVL10 
AT5G20230  BCB  SAG14 
AT1G15010  Mediator of RNA polymerase  transcription subunit 
AT5G62520  SRO5  Probable inactive poly [ADP-ribose] polymerase SRO5 
AT5G45630  Putative uncharacterized protein 
AT1G68620  CXE6  Probable carboxylesterase 6 
AT3G46080  ZAT8  Zinc finger protein ZAT8 
AT4G01360  BPS1-like protein 
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Figure C.10: Log2 fold change (normalised against WT) of DEGs related to Class I category A
(oxygen/hypoxia response) in GABA mutants under control conditions.
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Figure C.11: Log2 fold change (normalised against WT) of 53 DEGs related to RNAmodification
(GO:0009451, Table C.1 Group 3G) in GABA mutants under control conditions.
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Figure C.12: Differentially expressed genes in GABA mutants associated with plant hormone
signal transduction under control conditions. From left to right in a box: gad1*, gad1KO, gad2-1,
gad1245, gad2OE, pop2-8.
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Figure C.13: Differentially expressed genes in GABA mutants associated with plant hormone
signal transduction under control conditions. From left to right in a box: gad1*, gad1KO, gad2-1,
gad1245, gad2OE, pop2-8.

165



AT2G46070 ATMPK12  

cont sub

0

1

2

3

4

lo
g2

(C
P

M
+

1) Genotype
WT 
gad1*
gad1KO
gad2 1 
gad1245 
gad2OE
pop2 8

Figure C.14: MPK12 Expression in WT and GABA mutants under control and submerged
conditions. (n=3). Boxplot shows median (Q2, 50th percentile) with interquartile range (IQR,
Q3 - Q1). Whiskers represent ranges from Q3 to Q3+1.5*IQR, and from Q1-1.5*IQR to Q1.
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Figure C.15: Log2 fold change of ALMT genes in WT and GABA mutants under control and
submerged conditions.
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Figure C.16: Four GO terms related to water transport, including water transport (GO:0006833),
fluid (GO:0042044) transport, water transmembrane transporter activity (GO:0005372) and
water channel activity (GO:0015250).
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Figure C.17: Log2 fold change of DEGs related to water and fluid transport in WT and GABA
mutants after submergence. The gene names belong to the two child term (Fig C.16), i.e. the
activity of transporter and water channels were in bold.
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Figure C.18: Log2 fold change of 87 DEGs related to leaf senescence (GO:0010150) in WT and
GABA mutants after submergence. The gene names belong to the 3 child terms (Fig 3.23) were
in bold, and red/green gene names indicates positive/negative regulation of leaf senescence.
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Figure C.19: 15 GO terms in GO-Down results after submergence. They all belong to ontology
cell component (‘CC’), where many enriched process took place in plastid and chloroplast. Legend
the same as Fig C.16
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Figure C.21: Log2 fold change of RAP2, HRE1 and HRA1 genes in WT and GABA mutants
under control and submerged conditions.
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Figure C.23: Log fold change of ATPase genes in GABA mutants compared to WT under
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highlighted in red/blue, respectively.
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Table C.1: List of 134 DEGs in GABA mutants under control conditions, with category B and
D corresponding to the venn diagram in Fig 3.10a.

Gene ID Gene Info Category

AT1G02340 HFR1: Transcription factor HFR1 B, D
AT1G05100 MAPKKK18: Mitogen-activated protein kinase kinase kinase 18 B, D
AT1G05680 UGT74E2: Glycosyltransferase (Fragment) B, D
AT1G07430 AIP1: Protein phosphatase 2C 3 B, D
AT1G10560 PUB18: U-box domain-containing protein 18 B, D
AT1G12240 BFRUCT4: Acid beta-fructofuranosidase 4, vacuolar B, D
AT1G15100 RHA2A: E3 ubiquitin-protein ligase RHA2A B, D
AT1G15520 ABCG40: ABC transporter G family member 40 B, D
AT1G16060 ADAP: AP2-like ethylene-responsive transcription factor B, D
AT1G18390 Protein kinase superfamily protein B, D
AT1G43160 RAP2-6: Ethylene-responsive transcription factor RAP2-6 B, D
AT1G45249 ABF2: abscisic acid responsive elements-binding factor 2 B, D
AT1G48630 RACK1B: RACK1B AT B, D
AT1G49720 ABF1: Abscisic acid responsive element-binding factor 1 B, D
AT1G51800 IOS1: LRR receptor-like serine/threonine-protein kinase IOS1 B, D
AT1G51940 LYK3: LysM domain receptor-like kinase 3 B, D
AT1G52400 BGLU18: Beta-D-glucopyranosyl abscisate beta-glucosidase B, D
AT1G54160 NFYA5: Nuclear transcription factor Y subunit A-5 B, D
AT1G59870 ABCG36: ABC transporter G family member 36 B, D
AT1G62660 BFRUCT3: Acid beta-fructofuranosidase 3, vacuolar B, D
AT1G65690 NHL6: NDR1/HIN1-like protein 6 B, D
AT1G65790 SD17: Receptor-like serine/threonine-protein kinase SD1-7 B, D
AT1G67120 AT1G67120: MDN1: ATPases; nucleotide, ATP and transcription factor binding B, D
AT1G69260 AFP1: Ninja-family protein AFP1 B, D
AT1G69270 RPK1: Probable LRR receptor-like serine/threonine-protein kinase RPK1 B, D
AT1G72770 HAB1: Protein phosphatase 2C 16 B, D
AT1G75750 GASA1: Gibberellin-regulated protein 1 B, D
AT2G01540 CAR10: Protein C2-DOMAIN ABA-RELATED 10 B, D
AT2G26040 PYL2: Abscisic acid receptor PYL2 B, D
AT2G30020 PP2C-type phosphatase AP2C1 B, D
AT2G32510 MAPKKK17: Mitogen-activated protein kinase kinase kinase 17 B, D
AT2G33150 PED1: PKT3 B, D
AT2G38310 PYL4: Abscisic acid receptor PYL4 B, D
AT2G40180 PP2C5: PP2C-type phosphatase AP2C3 B, D
AT2G40330 PYL6: Abscisic acid receptor PYL6 B, D
AT2G40340 DREB2C: Integrase-type DNA-binding superfamily protein B, D
AT2G46510 AIB: Transcription factor ABA-INDUCIBLE bHLH-TYPE B, D
AT3G01420 DOX1: Alpha-dioxygenase 1 B, D
AT3G02140 AFP4: TMAC2 B, D
AT3G03450 RGL2: RGL2 B, D
AT3G11410 PP2CA: Protein phosphatase 2C 37 B, D
AT3G18130 RACK1C: Receptor for activated C kinase 1C B, D
AT3G19580 AZF2: ZF2 B, D
AT3G22231 PCC1: Cysteine-rich and transmembrane domain-containing protein PCC1 B, D
AT3G25010 AtRLP41: Receptor like protein 41 B, D
AT3G26790 FUS3: B3 domain-containing transcription factor FUS3 B, D
AT3G48360 BT2: BTB/POZ and TAZ domain-containing protein 2 B, D
AT3G59220 PRN1: Pirin-1 B, D
AT3G63060 EDL3: EID1-like F-box protein 3 B, D
AT4G11890 Protein kinase superfamily protein B, D
AT4G18010 IP5P2: Type I inositol polyphosphate 5-phosphatase 2 B, D
AT4G21534 SPHK2: Sphingosine kinase 2 B, D
AT4G23450 AIRP1: RING/U-box superfamily protein B, D
AT4G26080 ABI1: Protein phosphatase 2C 56 B, D
AT4G33780 ATP phosphoribosyltransferase regulatory subunit B, D
AT4G34000 ABF3: ABSCISIC ACID-INSENSITIVE 5-like protein 6 B, D
AT5G01520 AIRP2: AtAIRP2 B, D
AT5G01550 LECRKA4.2: lectin receptor kinase a4.1 B, D
AT5G01810 CIPK15: CBL-interacting serine/threonine-protein kinase 15 B, D
AT5G05440 PYL5: Abscisic acid receptor PYL5 B, D
AT5G11260 HY5: Basic-leucine zipper (bZIP) transcription factor family protein B, D
AT5G13170 SWEET15: Bidirectional sugar transporter SWEET15 B, D
AT5G13330 ERF113: Rap2.6L B, D
AT5G14920 GASA14: Gibberellin-regulated protein 14 B, D
AT5G17490 RGL3: DELLA protein RGL3 B, D
AT5G25980 TGG2: Myrosinase 2 B, D
AT5G35750 AHK2: Histidine kinase 2 B, D
AT5G45830 DOG1: delay of germination 1 B, D
AT5G46590 anac096: NAC domain-containing protein 96 B, D

176



Continuation of Table C.1

Gene ID Gene Info Category

AT5G52300 LTI65: Low-temperature-induced 65 kDa protein B, D
AT5G52900 MAKR6: Probable membrane-associated kinase regulator 6 B, D
AT5G57050 ABI2: AtABI2 B, D
AT5G58670 PLC1: Phosphoinositide phospholipase C 1 B, D
AT5G59220 SAG113: Probable protein phosphatase 2C 78 B, D
AT5G62470 MYB96: Transcription factor MYB96 B, D
AT5G64750 ABR1: Ethylene-responsive transcription factor ABR1 B, D
AT5G65310 ATHB-5: Homeobox-leucine zipper protein ATHB-5 B, D
AT5G67300 MYB44: MYBR1 B, D
AT5G67450 AZF1: ZF1 B, D
AT1G05010 ACO4: 1-aminocyclopropane-1-carboxylate oxidase 4 B, D
AT1G09530 PIF3: Transcription factor PIF3 B, D
AT1G17380 TIFY11A: Protein TIFY 11A B, D
AT1G19180 TIFY10A: TIFY10A B, D
AT1G19570 DHAR1: Glutathione S-transferase DHAR1, mitochondrial B, D
AT1G21910 ERF012: DREB26 B, D
AT1G28480 GRXC9: Glutaredoxin-C9 B, D
AT1G30135 TIFY5A: Protein TIFY 5A B, D
AT1G48500 TIFY6A: Protein TIFY 6A B, D
AT1G56650 MYB75: Transcription factor MYB75 B, D
AT1G63100 SCL28: Scarecrow-like protein 28 B, D
AT1G65390 PP2A5: Protein PHLOEM PROTEIN 2-LIKE A5 B, D
AT1G70700 JAZ9: TIFY7 B, D
AT1G72450 TIFY11B: TIFY11B B, D
AT1G74950 TIFY10B: TIFY10B B, D
AT1G79460 GA2: KS1 B, D
AT2G14900 GASA7: Gibberellin-regulated protein 7 B, D
AT2G16750 B, D
AT2G34070 TBL37: Protein trichome birefringence-like 37 B, D
AT2G34600 TIFY 5B: Protein TIFY 5B B, D
AT2G38240 ANS: Probable 2-oxoglutarate-dependent dioxygenase ANS B, D
AT2G40750 WRKY54: Probable WRKY transcription factor 54 B, D
AT2G42580 TTL3: Inactive TPR repeat-containing thioredoxin TTL3 B, D
AT3G05800 BHLH150: Transcription factor bHLH150 B, D
AT3G14395 B, D
AT3G15356 LEC: Lectin-like protein LEC B, D
AT3G15500 NAC055: NAC3 B, D
AT3G16570 RALF23: RALF23 B, D
AT3G16770 RAP2-3: Ethylene-responsive transcription factor RAP2-3 B, D
AT3G17860 TIFY6B: Protein TIFY 6B B, D
AT3G19100 CRK2: CDPK-related kinase 2 B, D
AT3G43440 TIFY3A: Protein TIFY 3A B, D
AT3G50660 CYP90B1: Cytochrome P450 90B1 B, D
AT3G50700 GAF1: Protein indeterminate-domain 2 B, D
AT3G54030 BSK6: BSK6 B, D
AT3G55970 JRG21: JRG21 B, D
AT3G63010 GID1B: Gibberellin receptor GID1B B, D
AT4G18890 BEH3: BES1/BZR1 homolog protein 3 B, D
AT4G26120 Ankyrin repeat family protein / BTB/POZ domain-containing protein B, D
AT4G26150 GATA22: Putative GATA transcription factor 22 B, D
AT4G30610 SCPL24: Serine carboxypeptidase 24 B, D
AT4G39070 BBX20: B-box zinc finger protein 20 B, D
AT5G05600 Probable 2-oxoglutarate-dependent dioxygenase B, D
AT5G13220 JAZ10: jasmonate-zim-domain protein 10 B, D
AT5G20900 TIFY3B: Protein TIFY 3B B, D
AT5G26230 MAKR1: Probable membrane-associated kinase regulator 1 B, D
AT5G39760 ZHD10: Zinc-finger homeodomain protein 10 B, D
AT5G39860 PRE1: Transcription factor PRE1 B, D
AT5G41260 BSK8: Serine/threonine-protein kinase BSK8 B, D
AT5G41315 GL3: MYC6.2 B, D
AT5G54060 A3G2XYLT: Glycosyltransferase (Fragment) B, D
AT5G56860 GATA21: GATA transcription factor 21 B, D
AT5G59845 GASA10: Gibberellin-regulated protein 10 B, D
AT5G60300 LECRK19: L-type lectin-domain containing receptor kinase I.9 B, D
AT5G63970 RGLG3: E3 ubiquitin-protein ligase RGLG3 B, D
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Table C.2: Direct GO terms of oppositely regulated DEGs in GABA mutants under control.
BP: biological process. CC: cell component. MF: molecular function.

Gene ID GO term Ontology

AT1G02340 GO:0000976 transcription regulatory region sequence-specific DNA binding MF
GO:0006355 regulation of transcription, DNA-templated BP
GO:0009642 response to light intensity BP
GO:0010218 response to far red light BP

AT1G04570 GO:0031969 chloroplast membrane CC
AT1G15580 GO:0006355 regulation of transcription, DNA-templated BP
AT1G25510 GO:0004190 aspartic-type endopeptidase activity MF
AT1G28330 GO:0009744 response to sucrose BP

GO:0009750 response to fructose BP
GO:0009749 response to glucose BP

AT1G29395 GO:0009528 plastid inner membrane CC
GO:0009706 chloroplast inner membrane CC
GO:0009535 chloroplast thylakoid membrane CC
GO:0031357 integral component of chloroplast inner membrane CC
GO:0009941 chloroplast envelope CC

AT1G48570 GO:0003729 mRNA binding MF
AT1G51440 GO:0004620 phospholipase activity MF

GO:0004806 triglyceride lipase activity MF
GO:0008970 phospholipase A1 activity MF
GO:0047714 galactolipase activity MF

AT1G56110 GO:0042254 ribosome biogenesis BP
GO:0030515 snoRNA binding MF

AT1G58520 GO:0005227 calcium activated cation channel activity MF
AT1G64780 GO:0008519 ammonium transmembrane transporter activity MF

GO:0015696 ammonium transport BP
GO:0072488 ammonium transmembrane transport BP
GO:0015843 methylammonium transport BP

AT1G69200 GO:0042793 plastid transcription BP
GO:0009662 etioplast organization BP
GO:0016310 phosphorylation BP
GO:0006355 regulation of transcription, DNA-templated BP
GO:0009658 chloroplast organization BP

AT1G70090 GO:0045489 pectin biosynthetic process BP
GO:0047262 polygalacturonate 4-alpha-galacturonosyltransferase activity MF

AT1G80270 GO:0003729 mRNA binding MF
GO:0009941 chloroplast envelope CC
GO:0005874 microtubule CC
GO:0043015 gamma-tubulin binding MF

AT2G44500 GO:0006004 fucose metabolic process BP
AT3G05640 GO:0016791 phosphatase activity MF

GO:0006470 protein dephosphorylation BP
GO:1904526 regulation of microtubule binding BP
GO:0016311 dephosphorylation BP

AT3G05880 GO:0042538 hyperosmotic salinity response BP
AT3G06530 GO:0006364 rRNA processing BP

GO:0042254 ribosome biogenesis BP
GO:0000462 maturation of SSU-rRNA from tricistronic rRNA transcript BP
GO:0030515 snoRNA binding MF
GO:0045943 positive regulation of transcription by RNA polymerase I BP

AT3G17830 GO:0009535 chloroplast thylakoid membrane CC
AT3G18600 GO:0000463 maturation of LSU-rRNA from tricistronic rRNA transcript BP

GO:0004386 helicase activity MF
GO:0016887 ATPase activity MF

AT3G20440 GO:0005978 glycogen biosynthetic process BP
GO:0003844 1,4-alpha-glucan branching enzyme activity MF
GO:0019252 starch biosynthetic process BP
GO:0102752 1,4-alpha-glucan branching enzyme activity MF

AT3G23830 GO:0003697 single-stranded DNA binding MF
GO:0003690 double-stranded DNA binding MF
GO:1900864 mitochondrial RNA modification BP

AT3G44750 GO:0016575 histone deacetylation BP
GO:0045892 negative regulation of transcription, DNA-templated BP

AT3G48360 GO:0016567 protein ubiquitination BP
GO:0006355 regulation of transcription, DNA-templated BP
GO:0051973 positive regulation of telomerase activity BP

AT3G54810 GO:0043565 sequence-specific DNA binding MF
GO:0006355 regulation of transcription, DNA-templated BP
GO:0008270 zinc ion binding MF
GO:0045893 positive regulation of transcription, DNA-templated BP
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Continuation of Table C.2

Gene ID GO term Ontology

GO:0000976 transcription regulatory region sequence-specific DNA binding MF
AT3G56330 GO:0008033 tRNA processing BP

GO:0030488 tRNA methylation BP
GO:0000049 tRNA binding MF
GO:0004809 tRNA (guanine-N2-)-methyltransferase activity MF
GO:0002940 tRNA N2-guanine methylation BP
GO:0006400 tRNA modification BP

AT4G01950 GO:0016311 dephosphorylation BP
GO:0016024 CDP-diacylglycerol biosynthetic process BP
GO:0004366 glycerol-3-phosphate O-acyltransferase activity MF
GO:0102420 sn-1-glycerol-3-phosphate C16:0-DCA-CoA acyl transferase activity MF
GO:0016791 phosphatase activity MF
GO:0090447 glycerol-3-phosphate 2-O-acyltransferase activity MF
GO:0010143 cutin biosynthetic process BP

AT4G11460 GO:0016310 phosphorylation BP
GO:0006468 protein phosphorylation BP

AT4G25480 GO:0006355 regulation of transcription, DNA-templated BP
GO:0000987 cis-regulatory region sequence-specific DNA binding MF
GO:0000976 transcription regulatory region sequence-specific DNA binding MF

AT4G31210 GO:0006265 DNA topological change BP
GO:0003729 mRNA binding MF

AT5G03350 GO:0009627 systemic acquired resistance BP
GO:0016310 phosphorylation BP
GO:0071446 cellular response to salicylic acid stimulus BP

AT5G08610 GO:0004386 helicase activity MF
GO:0003729 mRNA binding MF
GO:0016887 ATPase activity MF

AT5G14580 GO:0006402 mRNA catabolic process BP
GO:0090503 RNA phosphodiester bond hydrolysis, exonucleolytic BP
GO:0008033 tRNA processing BP
GO:0006396 RNA processing BP
GO:0006397 mRNA processing BP
GO:0090305 nucleic acid phosphodiester bond hydrolysis BP
GO:0004654 polyribonucleotide nucleotidyltransferase activity MF
GO:0006364 rRNA processing BP
GO:0004527 exonuclease activity MF
GO:0000175 3’-5’-exoribonuclease activity MF
GO:0006401 RNA catabolic process BP
GO:0000957 mitochondrial RNA catabolic process BP
GO:0000958 mitochondrial mRNA catabolic process BP
GO:0000965 mitochondrial RNA 3’-end processing BP
GO:0000963 mitochondrial RNA processing BP

AT5G15340 GO:0008270 zinc ion binding MF
AT5G15970 GO:0003729 mRNA binding MF
AT5G17330 GO:0019752 carboxylic acid metabolic process BP

GO:0004351 glutamate decarboxylase activity MF
GO:0006536 glutamate metabolic process BP
GO:0006538 glutamate catabolic process BP
GO:0046686 response to cadmium ion BP

AT5G41080 GO:0008081 phosphoric diester hydrolase activity MF
GO:0008889 glycerophosphodiester phosphodiesterase activity MF
GO:0006071 glycerol metabolic process BP
GO:0046475 glycerophospholipid catabolic process BP

AT5G45080 GO:0061809 NAD+ nucleotidase, cyclic ADP-ribose generating MF
GO:0050135 NAD(P)+ nucleosidase activity MF
GO:0003953 NAD+ nucleosidase activity MF

AT5G48470 GO:0006355 regulation of transcription, DNA-templated BP
GO:0009658 chloroplast organization BP

AT5G54470 GO:0008270 zinc ion binding MF
GO:0006355 regulation of transcription, DNA-templated BP
GO:0000976 transcription regulatory region sequence-specific DNA binding MF

AT5G55250 GO:0103007 indole-3-acetate carboxyl methyltransferase activity MF
GO:0051749 indole acetic acid carboxyl methyltransferase activity MF
GO:0000287 magnesium ion binding MF
GO:0008757 S-adenosylmethionine-dependent methyltransferase activity MF
GO:0010252 auxin homeostasis BP

AT5G57560 GO:0016762 xyloglucan:xyloglucosyl transferase activity MF
GO:0006073 cellular glucan metabolic process BP
GO:0010411 xyloglucan metabolic process BP
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APPENDIX D

Supplementary data for Chapter 4

(a) Histidine (H) to alanine (A) mutation of TaALMT1

(b) Histidine (H) to arginine (R) mutation of TaALMT1

Figure D.1: Conformation of mutation in TaALMT1H224A and TaALMT1H224R. (a): the
Histindine to Alanine (H224A) mutation. (b): the Histidine to Arginine (H224R) mutation.
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Figure D.2: Alignment of Arabidopsis AtALMT proteins. Supplementary figure of Wang et al.
(2021a). The GABA-binding motif in Wheat TaALMT1 and Arabidopsis AtALMT1 are both in
the sixth transmembrane domain (TMD) TM6 and H1 of the cytosolic domain (CTD).
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root anion transporter that mediates constitutive root malate efflux. Plant, Cell &

Environment, 35(7):1185–1200, 2012.

A. Ligaba, I. Dreyer, A. Margaryan, D. J. Schneider, L. Kochian, and M. Piñeros.
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R. Munns, R. A. James, and A. Läuchli. Approaches to increasing the salt tolerance of

wheat and other cereals. Journal of experimental botany, 57(5):1025–1043, 2006.

A. Mustroph, M. E. Zanetti, C. J. H. Jang, H. E. Holtan, P. P. Repetti, D. W. Galbraith,

T. Girke, and J. Bailey-Serres. Profiling translatomes of discrete cell populations resolves

altered cellular priorities during hypoxia in Arabidopsis. Proceedings of the National

Academy of Sciences, 106(44):18843–18848, 2009.

A. Mustroph, S. C. Lee, T. Oosumi, M. E. Zanetti, H. Yang, K. Ma, A. Yaghoubi-Masihi,

T. Fukao, and J. Bailey-Serres. Cross-kingdom comparison of transcriptomic adjustments

to low-oxygen stress highlights conserved and plant-specific responses. Plant Physiology,

152(3):1484–1500, 2010.

222



C. Nunes, L. E. O’Hara, L. F. Primavesi, T. L. Delatte, H. Schluepmann, G. W.

Somsen, A. B. Silva, P. S. Fevereiro, A. Wingler, and M. J. Paul. The trehalose

6-phosphate/SnRK1 signaling pathway primes growth recovery following relief of sink

limitation. Plant Physiology, 162(3):1720–1732, 2013.
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S. Robatzek, S. Karpiński, B. Karpińska, and J. Kangasjärvi. Transcriptional regulation

of the CRK/DUF26 group of Receptor-like protein kinases by ozone and plant hormones

in Arabidopsis. BMC Plant Biology, 10(1):1–19, 2010.

230



Q. Wu, N. Su, X. Huang, J. Cui, L. Shabala, M. Zhou, M. Yu, and S. Shabala. Hypoxia-

induced increase in gaba content is essential for restoration of membrane potential and

preventing ros-induced disturbance to ion homeostasis. Plant Communications, 2(3):

100188, 2021.

X. Wu, Q. Jia, S. Ji, B. Gong, J. Li, G. Lü, and H. Gao. Gamma-aminobutyric acid
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